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ABSTRACT
We identified a general course of classical nova outbursts in the B −V versus U − B color-color diagram. It
is reported that novae show spectra similar to those of A–F supergiants near optical light maximum. However,
they do not follow the supergiant sequence in the color-color diagram, neither the blackbody nor the main-
sequence sequence. Instead, we found that novae evolve along a new sequence in the pre-maximum and near-
maximum phases, which we call “the nova-giant sequence.” This sequence is parallel to but ∆(U − B)≈ −0.2
mag bluer than the supergiant sequence. This is because the mass of a nova envelope is much (∼ 10−4 times)
less than that of a normal supergiant. After optical maximum, its color quickly evolves back blueward along
the same nova-giant sequence and reaches the point of free-free emission (B − V = −0.03, U − B = −0.97),
which coincides with the intersection of the blackbody sequence and the nova-giant sequence, and remains
there for a while. Then the color evolves leftward (blueward in B − V but almost constant in U − B), owing
mainly to the development of strong emission lines. This is the general course of nova outbursts in the color-
color diagram, which was deduced from eight well-observed novae in various speed classes. For a nova with
unknown extinction, we can determine a reliable value of the color excess by matching the observed track of
the target nova with this general course. This is a new and convenient method for obtaining the color excesses
of classical novae. Using this method, we redetermined the color excesses of 20 well-observed novae. The
obtained color excesses are in reasonable agreement with the previous results, which in turn support the idea of
our general track of nova outbursts. Additionally, we estimated the absolute V magnitudes of about 30 novae
using a method for time-stretching nova light curves to analyze the distance-reddening relations of the novae.
Subject headings: novae, cataclysmic variables — stars: individual (FH Ser, PU Vul, PW Vul, V1500 Cyg,
V723 Cas)
1. INTRODUCTION
A classical nova is a thermonuclear runaway event on a
mass-accreting white dwarf (WD) in a binary. A compan-
ion star transfers its mass to the WD via Roche-lobe overflow
or a wind. When the mass of the hydrogen-rich envelope of
the WD reaches a critical value, hydrogen at the bottom of
the envelope ignites to trigger a hydrogen shell-flash and the
binary becomes a nova. The photospheric radius of the WD
envelope expands to a giant size and the spectrum of the nova
resembles that of an F-supergiant at or near optical maximum.
After optical maximum, the photosphere recedes into progres-
sively deeper layers as the envelope mass decreases, mainly
because of wind mass-loss (e.g. Hachisu & Kato 2006). The
wind mass-loss rate gradually decreases, and optically-thick
winds finally stop before the nova enters a supersoft X-ray
phase. The nova outburst ends when the hydrogen shell burn-
ing extinguishes. This nova envelope evolution was calculated
by Kato & Hachisu (1994) on the basis of the optically-thick
nova wind theory (e.g., Kato 1983).
Despite their overall similarity, the optical light curves of
novae have a wide variety of timescales and shapes (e.g.,
Payne-Gaposchkin 1957; Duerbeck 1981; Strope et al.
2010, see also Figure 1). Various empirical time-scaling laws
have been proposed in an attempt to recognize common pat-
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terns and unify the nova light curves (see, e.g., Hachisu et al.
2008, for a summary). Recently, Hachisu & Kato (2006)
found that, in terms of free-free emission, the optical and in-
frared (IR) light curves of several novae follow a similar de-
cline law. Moreover, the time-normalized light curves were
found to be independent of the WD mass, chemical composi-
tion of the ejecta, and wavelength. They called this the univer-
sal decline law. Subsequently, Hachisu & Kato (2007, 2009,
2010), Hachisu et al. (2008), and Kato et al. (2009) applied
this universal decline law to a number of novae (& 30 novae).
On the basis of this universal decline law, Hachisu & Kato
(2010) theoretically explained the maximum magnitude ver-
sus rate of decline (MMRD) law of classical novae. There-
fore, we confidently state that the main part of nova light
curves can be interpreted in terms of free-free emission from
nova ejecta outside the photosphere.
The evolution of colors is another challenging subject that
attracts many researchers, who have attempted to identify
common behavior among various types of novae. For ex-
ample, Duerbeck & Seitter (1979) noted that the color evo-
lutions of six novae are remarkably similar in the intrin-
sic (B − V )0 versus (U − B)0 color-color diagram, regard-
less of their different nova speed classes. These six no-
vae, however, traced similar but different paths in the color-
color diagram (see Figures 2–7 of Duerbeck & Seitter 1979).
van den Bergh & Younger (1987) derived the general trends
of color evolution in nova light curves, i.e., (B −V )0 = 0.23±
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FIG. 1.— Optical light curves of six novae with different speed classes, i.e., from slow to fast, the symbiotic nova PU Vul (inset, small black open circles),
very slow nova HR Del (red symbols), slow nova PW Vul (blue symbols), moderately fast nova FH Ser (magenta symbols), fast nova V1668 Cyg (green filled
squares), and very fast nova V1500 Cyg (blue filled circles). Although their peak brightnesses, shapes, and decline rates are very different, we will show that
their color-color evolution tracks are very similar. This indicates that these novae evolve under common physical conditions. The sources of optical data are cited
in Sections 4 (PU Vul), 5.3 (HR Del), 3.1 (PW Vul), 2 (FH Ser), 3.5 (V1668 Cyg), and 3.4 (V1500 Cyg). Horizontal lines represent the absolute magnitudes of
MV = −5.4 and MV = −5.7. The distance modulus of each nova is taken from our results in Sections 2 – 5. Black arrows indicate the nova-giant sequence of each
nova, followed by an optically-thick free-free emission phase (labeled F) or by an optically-thin free-free emission phase (labeled 0). See text for more details.
0.06 at maximum (see also Allen 1973, for an earlier work)
and (B − V )0 = −0.02± 0.04 at t2, where tm (m = 2 or 3) is
the number of days during which a nova decays by the m-
th magnitude from its optical maximum, and (B − V )0 is the
intrinsic B − V color of the nova. These two relations, how-
ever, often show large deviations from the values obtained
by other methods. Miroshnichenko (1988) found that the
B − V and U − B color evolution of novae stabilizes soon
after optical maximum and that this stage showed a gen-
eral trend of (B − V )0 = −0.11± 0.02. He derived the ex-
tinctions, E(B − V ), of 23 novae assuming that all of them
have the same (B − V )0 color at the stabilization stage, i.e.,
E(B−V) = (B−V )ss − (B−V)0 = (B−V)ss +0.11, where (B−V)ss
is the observed B − V color at the stabilization stage. This
method looks powerful but sometimes results in a large dif-
ference from the true value. (We will discuss this in more
detail in Section 7.)
According to Hachisu & Kato’s (2006) universal decline
law, the optical fluxes in the UBV bands could be domi-
nated by free-free emission. If this is the case, the color is
simply estimated to be (B − V )0 = 0.13 and (U − B)0 = −0.82
for the optically-thin free-free emission (Fν ∝ ν0), or to be
(B −V )0 = −0.03 and (U − B)0 = −0.97 for the optically-thick
free-free emission (Fν ∝ ν2/3, see, e.g., Wright & Barlow
1975), where Fν is the flux at the frequency ν. The latter
value of (B −V )0 = −0.03 is close to (B −V )0 = −0.02± 0.04
at t2 derived by van den Bergh & Younger (1987). However,
many novae do not remain at these pivot points but evolve
further blueward.
These different trends in nova color evolution may rep-
resent different sides of the true color evolution, which we
do not yet fully understand observationally or theoretically.
The aim of this paper is to find a general path of nova color
evolution, as Duerbeck & Seitter (1979) tried to do 30 yr
ago. First, in Section 2 we analyze the moderately-fast nova
FH Ser in the (B − V )0 - (U − B)0 diagram and find a new
sequence along which novae evolve when the photospheric
emission dominates the optical spectrum. We call this new
sequence “the nova-giant sequence” after the supergiant se-
quence. Then we examine the color evolution of slow and fast
novae, PW Vul, V1500 Cyg, V1668 Cyg, and V1974 Cyg, in
Section 3. In Section 4, we apply the tracks of color-color
evolution to PU Vul and find that the tracks of color-color
evolution of the slow/fast novae are common to this symbi-
otic nova. In Section 5, we examine two very slow novae,
HR Del and V723 Cas, and show that the tracks of the color-
color evolution are also common. Thus, we found that the
overall trends in the color-color evolution are very similar to
each other. Therefore, we propose a general course of nova
outbursts in the color-color diagram for all speed classes of
novae. In Section 6, we redetermine the reddening of novae
by fitting the color evolution of a target nova with the general
course of color evolution in the color-color diagram. In this
way, we propose a new method for estimating the color ex-
cess. Discussion and conclusions follow in Sections 7 and 8,
respectively. In the Appendix, we estimate the absolute mag-
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FIG. 2.— (a) V magnitude, (b) (B −V )0 color, and (c) (U − B)0 color light
curves of FH Ser. The UBV data are taken from Borra & Andersen (1970,
blue open circles), Osawa (1970, blue filled circles), and Burkhead et al.
(1971, blue open diamonds). The B − V color of Borra & Anderson (blue
open circles) is systematically bluer by 0.2 mag than the other data, so we
shifted them down by 0.2 mag. Four epochs of FH Ser are specified by arrows
labeled A, B, C, and D, where epoch A corresponds to the optical maximum.
We add photographic (mpg) and visual (mvis) data for DQ Her, which are
taken from Gaposchkin (1956). The magnitudes of DQ Her is shifted down
by 3.5 mag to match them with those of FH Ser in the late t−3 law.
nitudes of about 30 novae, using the time-stretching method
for nova light curves proposed by Hachisu & Kato (2010) to
analyze the distance-reddening relation of each nova.
2. NOVA-GIANT SEQUENCE OF FH SER
The first example that we analyze is the moderately-fast
nova FH Ser. FH Ser showed a gradual optical decay with
t2 = 41 and t3 = 62 days (Warner 1995) followed by a sudden
drop in brightness about 2.8 mag below the optical maximum
due to dust shell formation. The V light curve is shown in Fig-
ure 1 on a linear timescale and the V , (B −V )0, and (U − B)0
light curves of FH Ser are shown in Figure 2 on a logarithmic
timescale, where the UBV data are taken from Osawa (1970,
blue filled circles), Borra & Andersen (1970, blue open cir-
cles), and Burkhead et al. (1971, blue open diamonds). The
B − V color of Borra & Andersen (1970) is systematically
∼ 0.2 mag bluer than the others whereas their V and U − B
data are reasonably consistent with those of the other groups.
Therefore, we shifted Borra & Andersen’s B−V data down by
0.2 mag.
FIG. 3.— Distance-reddening relation toward FH Ser. Blue thick solid
line with flanking thin solid lines denote the distance-reddening relation cal-
culated from the distance modulus (m − M)V = 11.7± 0.2, i.e., Equation (1)
together with Equation(2). Four sets of data with error bars show distance-
reddening relations in four directions close to FH Ser: (l,b) = (32.◦75,5.◦75)
(red open squares), (33.◦00,5.◦75) (green filled squares), (32.◦75,6.◦00) (blue
asterisks), and (33.◦00,6.◦00) (magenta open circles); data are taken from
Marshall et al. (2006). Vertical black solid line with flanking dotted lines
represent the color excess of E(B −V ) = 0.60±0.05. Two trends, (m − M)V =
11.7 (blue solid line) and Marshall et al.’s distance-reddening relations, cross
consistently at E(B −V ) ≈ 0.60 and d ≈ 0.93 kpc, which supports our esti-
mate of E(B −V ) = 0.60± 0.05.
2.1. Reddening and Distance
Kodaira (1970) obtained a value of E(B − V ) = 0.6 for
the reddening toward FH Ser using the MMRD relation and
interstellar reddening relation. della Valle et al. (1997) ob-
tained E(B − V ) = 0.82 from the color at optical maximum
(i.e., E(B−V ) = (B−V )max − (B−V )0,max = 1.05 − 0.23 = 0.82),
E(B − V ) = 0.61 from the line ratio of Hα/Hβ = 5.7, and
E(B − V ) = 0.5 from the equivalent width of Na I λ5890.
Then, della Valle et al. (1997) adopted an averaged value of
E(B − V ) = 0.64± 0.16. Because Kodaira’s E(B − V ) = 0.60
and della Valle et al.’s E(B − V ) = 0.61 coincide, we use
E(B−V) = 0.60 in this paper and confirm below that this value
is reasonable.
The distance toward FH Ser was estimated to be d =
0.92± 0.13 kpc by Slavin et al. (1995), and to be d = 0.95±
0.05 kpc by Gilmozzi & Selvelli (2007) both from the ex-
pansion parallax method. We obtained FH Ser’s distance
modulus by comparing its brightness with that of DQ Her.
The trigonometric parallax distance of DQ Her was obtained
by Harrison et al. (2013) as d = 386+33
−29 pc. Adopting AV =
3.1× E(B − V ) = 0.31 (Verbunt 1987), we obtain the dis-
tance modulus of DQ Her as (m− M)V = AV + 5log(d/10 pc) =
0.31 + 5log(386+33
−29/10) = 8.24± 0.18. Thus, we used (m −
M)V,DQ Her = 8.2 for DQ Her, Figure 2(a) shows that the light
curves of FH Ser and DQ Her overlap each other in the final
decline phase with a brightness difference of ∆V = 3.5. Be-
cause the timescales of these two novae are almost the same,
we may consider that the brightness itself should be almost
the same. Then, we obtain the distance modulus of FH Ser as
(m − M)V,FH Ser = (m − M)V,DQ Her +∆V
= 8.2± 0.2 + 3.5 = 11.7± 0.2. (1)
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TABLE 1
INTRINSIC TWO COLORS OF SELECTED
NOVAE
Object Stage (B −V )0 (U − B)0
Free-Free 0a +0.13 −0.82
Fb −0.03 −0.97
FH Ser A +0.60 +0.32
B +0.31 +0.10
C +0.15 −0.29
D +0.04 −0.70
F −0.03 −0.97
PU Vul 1 +0.15 −0.34
B +0.31 +0.10
2 +0.45 +0.21
B +0.31 +0.10
3(=C) +0.15 −0.29
4 +0.14 −0.91
5 −0.20 −0.91
PW Vul D +0.04 −0.70
C +0.15 −0.29
4 +0.14 −0.91
4’ −0.08 −1.10
5’ −0.60 −0.70
V1500 Cyg D +0.04 −0.70
C +0.15 −0.29
4’ −0.08 −1.10
5’ −0.60 −0.70
V1668 Cyg D +0.04 −0.70
C +0.15 −0.29
4” −0.05 −0.91
5” −0.50 −0.91
V1974 Cyg D +0.04 −0.70
4” −0.05 −0.91
5” −0.50 −0.91
a Optically-thin (Fν ∝ ν0).
b Optically-thick (Fν ∝ ν2/3).
The distance to FH Ser is estimated to be d = 0.93 kpc con-
sidering E(B −V) = 0.60 and the relation
(m − M)V = 5log
(
d
10 pc
)
+ 3.1E(B −V). (2)
Our distance estimate is perfectly consistent with the other
values of d = 0.92± 0.13 (Slavin et al. 1995) and d = 0.95±
0.05 kpc (Gilmozzi & Selvelli 2007) mentioned above.
Marshall et al. (2006) recently published a three-
dimensional dust extinction map of our galaxy in the
direction of −100.◦0 ≤ l ≤ 100.◦0 and −10.◦0 ≤ b ≤ +10.◦0
with grids of ∆l = 0.◦25 and ∆b = 0.◦25, where (l,b) are the
galactic coordinates. Comparing the set of our E(B−V) = 0.60
and d = 0.93 kpc with the distance-reddening relation toward
FH Ser given by Marshall et al. (2006), we can examine
whether they are reasonable. The results are shown in
Figure 3, where the galactic coordinates of FH Ser are
(l,b) = (32.◦9090,+5.◦7860) and we plot four relations in di-
rections close to FH Ser, i.e., (l,b) = (32.◦75,5.◦75) (red open
squares), (33.◦00,5.◦75) (green filled squares), (32.◦75,6.◦00)
(blue asterisks), and (33.◦00,6.◦00) (magenta open circles),
with error bars. The closest one is that of the green filled
squares. The blue solid line of (m − M)V,FH Ser = 11.7 crosses
the trend of these green filled squares at or near d = 0.93 kpc
and E(B − V ) = 0.60, which is consistent with our adopted
values.
2.2. Nova-giant Sequence in the Color-Color Diagram
The observed colors are dereddened by
(U − B)0 = (U − B) − 0.64E(B −V), (3)
FIG. 4.— Dereddened color-color diagram of FH Ser and the nova-giant
sequence. We show four evolutionary stages of FH Ser specified by A, B,
C, and D in Figure 2. Each label is attached to a filled black square. Open
diamond denoted by F indicates landmark for optically-thick free-free emis-
sion spectra. We define the nova-giant sequence by a line connecting points
A, B, C, D, and F (green connecting arrows). Their color data are tabu-
lated in Table 1. Three other loci are also plotted for the main-sequence
(blue solid line), supergiant (magenta solid line), and blackbody (black solid
line) sequences. The color data of FH Ser are taken from Osawa (1970)
(red filled circles), Borra & Andersen (1970) (magenta open diamonds), and
Burkhead et al. (1971) (blue open circles). Four symbols with a large open
circle outside indicate data in pre-maximum phase. All other symbols repre-
sent data in post-maximum phase. Magenta thin solid line represents super-
giant sequence shifted by 0.17 mag in the reddening direction, as shown at
the top of the supergiant sequence by a black arrow. Most part of the nova-
giant sequence overlaps the supergiant sequence shifted by ∆E(B −V ) = 0.17
(thin magenta line) except the lower part (from point A to B) which is about
∆(U − B)≈ −0.2 mag bluer than the supergiant sequence.
(B −V)0 = (B −V ) − E(B −V), (4)
where the factor of 0.64 is taken from Rieke & Lebofsky
(1985). The dereddened colors of FH Ser are plotted in Fig-
ure 4. Here we only depict the data before the dust black-
out started about 70 days after the outburst. We also plot
three known sequences, the blackbody, supergiant, and main-
sequence sequences, the data for which are taken from Allen
(1973). We also added a point, i.e., optically-thick free-free
emission spectra (open diamond denoted by F) for Fν ∝ ν2/3
(Wright & Barlow 1975).
We have frequently seen in the literature statements that the
spectra of novae near maximum are similar to those of A–F
type supergiants. For FH Ser, Kodaira (1970) wrote “Nova
Serpentis 1970 showed a spectrum similar to F-type near its
light maximum.” However, the track of FH Ser in the color-
color diagram does not follow the supergiant sequence, as
clearly shown in Figure 4. The shape of the FH Ser track is
very similar to that of the supergiant sequence, but it is about
∆(U − B) ≈ −0.2 mag bluer than the supergiant sequence.
Therefore, we are forced to define a new sequence based on
the data for FH Ser, which is designated by points A, B, C,
D, and F from redder to bluer. In what follows, we will see
that many novae evolve along this sequence when their pho-
tospheric spectra are similar to those of A–F type supergiants.
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FIG. 5.— Schematic illustration of nova envelope evolution for fast and moderately fast novae. (a) Surface of expanding envelope moves almost together with
optical photosphere (so-called fireball stage). (b) Photosphere reaches maximum expansion and then gradually shrinks, while ejecta are continuously expanding.
At or near optical maximum, the absorption spectra resemble those of F-supergiants. (c) After optical maximum, massive, optically-thin ejecta expand, leaving
pseudo-photosphere behind. More ejecta are continuously supplied by optically-thick winds. We regard this phase as an optically-thick, free-free emission phase.
The spectral energy distribution (SED) is close to Fν ∝ ν2/3 in the optical (including the UBV bands), IR, and radio regions. Here we use the term “optically-thick
wind” to describe winds that are accelerated deep inside the photosphere. On the other hand, the term “optically-thin wind” indicates winds that are accelerated
outside the photosphere.
Therefore, we call this track “the nova-giant sequence” after
the supergiant sequence. The color data of points A–D and F
are listed in Table 1.
In the pre-maximum phase, FH Ser descends along the
nova-giant sequence as shown in Figure 4 by the symbols en-
closed within a larger open circle. After optical maximum, it
returns along the same nova-giant sequence.
Gehrz et al. (1988) divided physical development of nova
ejecta into a few distinct stages, i.e., fireball expansion,
optically-thin gas expansion, and dust formation. Figure 5
illustrates the expanding nova ejecta before dust formation
occurs. Figure 5(a) shows the so-called fireball stage, in
which the optical photosphere moves almost together with
the surface of the expanding envelope. We directly observe
the photospheric emission. This photospheric emission re-
sembles those of A–F type supergiants. In Figure 5(b), the
photosphere reaches maximum expansion and detaches from
the top of the ejecta. Then the photosphere recedes into pro-
gressively deeper layers while the ejecta expand continuously.
Figure 5(c) corresponds to the stage after optical maximum, in
which massive, optically-thin ejecta expand leaving the pho-
tosphere behind. More ejecta are continuously supplied by
optically-thick winds. Here we use the term “optically-thick
wind” to describe winds that are accelerated deep inside the
photosphere, that is, in the optically-thick region. On the other
hand, “optically-thin wind” indicates winds that are acceler-
ated outside the photosphere, that is, in the optically-thin re-
gion.
We will show later that all novae follow the nova-giant se-
quence near the maximum, regardless of their speed classes
and, further, that faster novae tend to have shorter excur-
sions along the nova-giant sequence mainly because their en-
velopes are less massive. Slower novae tend to have longer
redward journeys because of their more massive envelope
masses. Among our examples, FH Ser reached the reddest
part of the nova-giant sequence, up to point A in Figure 4.
Novae return along the nova-giant sequence after optical max-
imum and approach point F, where free-free emission domi-
nates the spectrum, as shown schematically in Figure 5(c). In
FH Ser, however, the color-color track was strongly affected
by the dust blackout at point D just before it approached point
F (see Figure 2).
The nova-giant sequence is about ∆(U − B) ≈ −0.2 mag
bluer than the supergiant sequence. This is because nova
spectra resemble those of A–F supergiants near maximum re-
gardless of the nova speed classes and we directly observe
the photospheric emission of novae. However, the envelope
masses of novae are much (∼ 10−4) smaller than those of nor-
mal supergiants. Thus, the Balmer jump could be shallower
(U could be brighter) in novae than in normal supergiants, as
shown in Section 4. This is why the position of nova-giant se-
quence is parallel to but ∆(U − B)≈ −0.2 mag bluer than the
supergiant sequence, although nova spectra resemble those of
A–F supergiants.
It may seem that the nova-giant sequence is simply the
supergiant sequence and it falsely appears to differ because
we happened to underestimate the extinction by an amount
of ∆E(B − V ) ∼ 0.2. We shifted the supergiant sequence by
∆E(B − V ) = 0.17 in the direction of reddening in Figure 4
(thin magenta solid line). The bluer part of the shifted track
almost coincides with the bluer part of the nova-giant se-
quence, but the very reddest part of the nova-giant sequence
deviates from that of the shifted supergiant sequence. There-
fore, these two sequences are intrinsically different. This
∆(U −B)∼ −0.2 mag difference in the redder part was already
discussed by Belyakina et al. (1989) for PU Vul, as will be
introduced in Section 4.1.
3. FREE-FREE EMISSION PHASE OF SLOW AND FAST NOVAE
In this section, we carefully study the color-color evolution
of four well-observed classical novae, PW Vul, V1500 Cyg,
V1668 Cyg, and V1974 Cyg, all of which show the optically-
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FIG. 6.— Same as Figure 2, but for PW Vul (blue open circles with plus
sign inside) and V1500 Cyg (red open diamonds). We squeezed the light
curves of PW Vul by 0.21 in the time direction (horizontal shift of ∆ log t =
−0.68) and shifted its magnitudes by −2.4 against those of V1500 Cyg, as
indicated in the figure. We adjusted the time at V maximum of PW Vul
according to that of V1500 Cyg. Magenta solid lines denote optical and color
light curves of free-free emission. Several epochs are specified by labels D,
C (=3), 4’, and 5’ which are defined in Figures 4 and 8. Their positions in the
color-color diagram are tabulated in Table 1. We also indicate the epoch of
PW Vul 64 days after the outburst by “SED”, at which the spectrum of Figure
9 was secured.
thick, free-free emission dominated phase. Their V , (B −V )0,
and (U − B)0 light curves are plotted in Figures 6 and 7 on a
logarithmic timescale.
3.1. PW Vul
PW Vul 1984#1 was discovered by Wakuda on UT 1984
July 27.7 (Kosai 1984), about a week before the optical max-
imum of mV,max = 6.3 on UT August 4.1. It shows a wavy
structure on a smoothly-decaying light curve with t2 = 83 and
t3 = 147 days (Warner 1995). Because no estimate of the
outburst day was found, we assume it to be JD 2445908.0
(UT 1984 July 26.5). The light curve of PW Vul is plotted in
Figure 1 on a linear timescale and in Figure 6 on a logarith-
mic timescale. PW Vul was observed well with International
Ultraviolet Explore (IUE) during the UV bright phase (e.g.,
Andreae et al. 1991) and also covered well by IR observation
(e.g., Evans et al. 1990; Gehrz et al. 1988).
The reddening toward PW Vul was estimated to be E(B −
V ) = 0.58±0.06 from the He II λ1640/λ4686 ratio, and E(B−
V ) = 0.55± 0.1 from the interstellar absorption feature at
2200Å both by Andreae et al. (1991), E(B −V) = 0.60±0.06
according to Saizar et al. (1991) from the He II λ1640/λ4686
ratio, E(B − V ) = 0.45± 0.1 according to Duerbeck et al.
(1984) from the galactic extinction in the direction of the
FIG. 7.— Same as Figure 6, but for V1668 Cyg (blue filled squares),
V1974 Cyg (green triangles and dots), and V1500 Cyg (red open diamonds).
We squeezed the light curves of V1668 Cyg and V1974 Cyg by 0.54 and 0.63
and shifted their magnitudes by −2.6 and −0.4, respectively, against those of
V1500 Cyg, as indicated in the figure. We adjusted the time at V maximum of
V1668 Cyg and V1974 Cyg according to that of V1500 Cyg. Several epochs
are specified by labels D, C (=3), D, 4”, and 5”, which are defined in Figures
4 and 8. Their positions in the color-color diagram are tabulated in Table 1.
nova. For the last galactic absorption, we examined the galac-
tic dust absorption map in the NASA/IPAC Infrared Science
Archive1, which is calculated on the basis of recent data from
Schlafly & Finkbeiner (2011) and gives E(B − V ) = 0.43±
0.02 in the direction of PW Vul. Thus, we adopted the arith-
metic mean of these four values, i.e., E(B−V ) = 0.55±0.1, in
this paper.
The distance toward PW Vul was estimated to be d = 1.8±
0.05 kpc by Downes & Duerbeck (2000) on the basis of the
expansion parallax method. Then the distance modulus in V
becomes (m − M)V = 5log(1800/10) + 3.1× 0.55 = 13.0. The
maximum magnitude is calculated to be MV,max = mV,max − (m−
M)V = 6.3 − 13.0 = −6.7.
Figure 8(a) shows the intrinsic color-color diagram of
PW Vul, where the UBV data of Robb & Scarfe (1995) are
dereddened with E(B −V ) = 0.55 together with Equations (3)
and (4). The nova started its color-color evolution at point D
(near point F) on the nova-giant sequence and descended to
near point C (or point 3), then jumped up to point 4. The nova
further went up slightly and then moved downward and to the
left. Then, PW Vul stayed at point 4’ for a while, as shown
in Figure 6 and moved gradually to point 5’. Here points 1,
2, 3, 4, and 5 will be introduced in Section 4 as a template of
the symbiotic nova PU Vul (“PU Vul template”), the data for
1 http://irsa.ipac.caltech.edu/applications/DUST/
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FIG. 8.— Color-color evolution of four classical novae in the intrinsic (B −V )0 vs. (U − B)0 diagram. (a) PW Vul 1984#1, (b) V1500 Cyg 1975, (c) V1668 Cyg
1978, and (d) V1974 Cyg 1992. Color data for each nova are denoted by red open circles. Purple solid line indicates the nova-giant sequence of FH Ser, and
green arrows indicate the path of each nova. Blue filled star symbol in (d) denotes a datum in the pre-maximum phase of V1974 Cyg. Other various symbols and
lines have the same meanings as in Figure 4. We add 10 points, 0, 1, 2, 3, 4, 5, 4’, 5’, 4”, and 5”, and their data are listed in Table 1. See text for more details.
which are tabulated in Table 1. We specify a template for the
color-color evolution of PW Vul by a green arrow from point
D to point C (=3) and then by three green arrows from point 3
to point 4, from point 4 to point 4’, and from point 4’ to point
5’ (“PW Vul template”). The data for the PW Vul template
are also tabulated in Table 1.
3.2. Free-Free Emission Phase
In this way, the evolutionary path of PW Vul first follows
the nova-giant sequence from point D to point C. Then it de-
parts from the nova-giant sequence and jumps up to points 4,
and 4’, and then to point 5’ in the color-color diagram. This
jump to point 4’ is mainly due to free-free emission.
We can interpret this transition from point C to 4’ as fol-
lows: in the early expanding phase, from point D to C, we
observed the photospheric emission (A–F type supergiants),
as schematically illustrated in Figures 5(a) and (b). The nova-
giant sequence is much redder than that of the blackbody se-
quence in the (U − B)0 color because of a large contribution
from the Balmer jump. When the photosphere shrinks leav-
ing the ejecta behind, or winds begin to blow, the configura-
tion of the envelope changes from that in Figure 5(b) to that in
Figure 5(c). Then the Balmer jump absorption becomes shal-
lower and is eventually filled with emission lines. The resul-
tant (U − B)0 color becomes bluer to approach that of a black-
body (or free-free emission). This type of spectral change was
well documented by Belyakina et al. (1989) for PU Vul (see
their Figure 6), which will be mentioned later in Section 4.1.
To understand this property, we analyze the spectral en-
ergy distribution (SED) of PW Vul 64 days after the outburst,
that is, when PW Vul stayed between point 4’ and point 5’,
as shown in Figure 6 (denoted by “SED”). We assume that
the spectrum is approximated by a summation of the black-
body emission at the photospheric temperature Tph = TBB and
optically-thick free-free emission at the electron temperature
of Te, i.e.,
Fν = f1Bν(Tph) + f2Sν(Te), (5)
where Bν(Tph) is the Planckian at Tph, and Sν(Te) is the free-
free spectrum at Te, and f1 and f2 are numeric constants (e.g.,
Nishimaki et al. 2008). Nishimaki et al. adopted this formu-
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FIG. 9.— Dereddened spectrum of PW Vul 1984#1 64 days after the
outburst (September 30). Red solid line: IUE spectra, SWP24088 and
LWP04458, are taken from the INES data archive server. Open red cir-
cles: UBVRI data from Robb & Scarfe (1995) and JHKLM data from
Gehrz et al. (1988). All data are dereddened with E(B −V ) = 0.55. Global
features of spectrum can be fitted with combination (thick black solid line)
of blackbody with temperature of TBB = 28,000 K (thick magenta line) and
optically-thick, free-free emission with electron temperature of Te = 28,000 K
(thick blue line). We also add a red thin solid straight line of Fλ ∝ λ−2.67
(corresponding to point F in Figure 8) as the limiting case of optically-thick
free-free emission for Te =∞.
lation to analyze the spectra of Wolf-Rayet (WR) stars. The
optically-thick free-free spectrum of Sν(Te) was obtained by
Wright & Barlow (1975) as
Sν(Te) = Bν(Te)K2/3ν (Te), (6)
where the linear free-free absorption coefficient Kν (Te) is
given by
Kν (Te) = 3.7×108
[
1 − exp
(
−
hν
kTe
)]
Z2gν(Te)T −1/2e ν−3, (7)
in cgs units (Wright & Barlow 1975), and gν(Te) is the Gaunt
factor. The Gaunt factor generally depends weakly on the fre-
quency and temperature, and we simply assume that it is unity
in this paper. Thus, we have four fitting parameters in this ex-
pression, i.e., f1, f2, Tph, and Te. In the radio and IR regions of
the spectrum where hν≪ kT , Equation (6) can be expressed
in a simple form as
Sν ∝ ν2/3. (8)
Figures 9 shows the broadband spectrum of PW Vul, a
combination of IUE spectra from Short Wavelength Prime
(SWP)24088 and Long Wavelength Prime (LWP)04458 taken
from the INES archive data sever2, and the UBVRI data
from Robb & Scarfe (1995) and the JHKLM data from
Gehrz et al. (1988). All the data were dereddened with E(B−
V ) = 0.55. Assuming that Tph = Te, we varied Tph in 500 K
steps and obtained a temperature of Tph = Te = 28,000 K. The
global features of the SED is approximated well by a combi-
nation (black solid line) of the blackbody (thick magenta line)
and free-free emission (thick blue line) spectra. The slope of
2 http://sdc.cab.inta-csic.es/ines/index2.html
FIG. 10.— Effects of emission lines in the color-color diagram for seven
stars. Here, ∆(B − V ) and ∆(U − B) are the excesses due to emission lines.
Compiling the data in Skopal (2007), we plot AG Peg (red open square),
Z And (open diamond), AR Pav (open triangle), AX Per in eclipse (open
circle), AX Per out of eclipse (open circle with a plus sign), RR Tel (red
filled square), V1016 Cyg (magenta open star symbol), and V1974 Cyg (blue
filled triangle). RR Tel and V1974 Cyg show large and almost horizontal
blueward excursions from the origin (black plus sign) because of the effects
of emission lines. See text for more details.
the combined spectrum at the UBV bands is very close to that
of optically-thick free-free emission (Fλ ∝ λ−8/3 ≈ λ−2.67),
where Fλ is the energy flux at the wavelength λ. This explains
why the position of stage 4’ is close to both the blackbody se-
quence and optically-thick free-free emission, i.e., point F in
Figure 8(a).
PW Vul stayed at point 4’ (near point F) for a while during
the free-free emission phase, and moved gradually from point
4’ to point 5’, as shown in Figures 6 and 8(a). In the color-
color diagrams of Figure 8, the other three novae also do not
stay only at or near point F but evolve blueward from point 4’
to 5’ (or 4” to 5”) while maintaining an almost constant (U −
B)0. From point 4’ to 5’, optically-thick free-free emission
dominates the spectrum in the optical and IR region, as shown
in Figure 9. Then, the optical light curve almost follows the
universal decline law (Hachisu & Kato 2006) and its (B−V )0
and (U − B)0 colors should be −0.03 and −0.97, respectively.
We added a free-free emission light curve and (B − V )0 and
(U − B)0 colors in Figure 6 (magenta solid lines). These light
and color curves roughly reproduce the trends of the observed
data except for the gradual deviation of the (B−V)0 color after
point 4’ (or 4”). This supports the fact that free-free emission
dominates the spectrum during the phase between 4’ and 5’
(or 4” and 5”).
3.3. Effects of Strong Emission Lines
Figure 10 shows the excesses of B −V and U − B colors due
to emission lines for several classical and symbiotic novae
and symbiotic stars. Here, the excesses due to emission lines
in the U , B, and V magnitudes are defined as ∆U , ∆B, and
∆V , respectively, and the data for them are taken from Skopal
(2007). In the classical nova V1974 Cyg (blue filled triangle)
and symbiotic nova RR Tel (red filled square), ∆U and ∆B
are much brighter than ∆V , but ∆U is as large as ∆B, so the
resultant ∆(U − B) color changes very little even if ∆(B −V )
takes a long blueward journey. Unfortunately, PW Vul is not
included in Skopal’s analysis. Instead, we show the blueward
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excursions of the fast nova V1974 Cyg about 210 days after
light maximum. The length of the blueward excursion is sig-
nificant; i.e., ∆(B − V ) ≈ −1.1. Thus, we conclude that the
gradual blueward trip from point 4’ to 5’ (or from point 4”
to 5”) is mainly due to the growth of strong emission lines,
especially in the U and B bands.
In this work, we stop following the color evolution when
the V magnitude drops by 3 mag from the maximum because
strong emission lines make an increasingly large contribution
to the (U − B)0 and (B −V )0 colors, and their effects cloud the
general evolution of colors.
3.4. V1500 Cyg
V1500 Cyg is an extremely fast nova, exhibiting probably
the fastest and largest eruption among novae. The light curve
is shown in Figure 1 on a linear timescale and the V light
curve and (B − V )0 and (U − B)0 color curves are plotted in
Figures 6 and 7 on a logarithmic timescale. It rose to the
maximum, mV = 1.85, on 1975 August 31 from a pre-outburst
brightness of mV > 21 (Young et al. 1976). The distance of
1.2± 0.2 kpc (Lance et al. 1988) and interstellar extinction
of E(B −V ) = 0.5± 0.05 (Ferland 1977) suggest a peak ab-
solute luminosity of MV = −10.0± 0.3, which is about 4 mag
brighter than the Eddington luminosity. An extensive sum-
mary of the observational results and modelings can be found
in the review by Ferland et al. (1986).
Gallagher & Ney (1976) obtained the magnitudes of the
three optical bands (V , R, and I) and the eight IR bands (1.2,
1.6, 2.2, 3.6, 4.8, 8.5, 10.6, and 12.5 µm) during the 50 days
following the discovery. They estimated the outburst day to
be UT August 28.9 from the angular expansion of the photo-
sphere. They concluded that the SED was approximately that
of a blackbody during the first 3 days, whereas it is close to
Fν = constant after the 4th day. These Fν ∝ ν0 (constant) spec-
tra resemble those usually ascribed to optically-thin, free-free
emission.
On the basis of the IR photometry from 1 to 20 µm,
Ennis et al. (1977) also concluded that the nova’s spectrum
changed from blackbody to bremsstrahlung emission at day
∼ 4 − 5, that is, from Rayleigh-Jeans, Fν ∝ ν2, to thermal
bremsstrahlung, Fν ∝ ν0. Thus we regard that the nova en-
ters a free-free emission phase about 5 days after the outburst.
They also obtained an outburst date of JD 2442653.0±0.5
from an analysis of the photospheric expansion similar to that
of Gallagher & Ney (1976). Thus, we adopted the outburst
day of V1500 Cyg as tOB =JD 2442653.0 (defined as t = 0).
The distance to V1500 Cyg has been discussed by many
authors. Young et al. (1976) estimated the distance to be
1.4± 0.1 kpc for E(B −V) = 0.45 (Tomkin et al. 1976) from
the reddening-distance law toward the nova. A firm up-
per limit to the apparent distance modulus was obtained
as (m − M)V ≤ 12.5 by Ando & Yamashita (1976) from the
galactic rotational velocities of interstellar H and K absorp-
tion lines. The nebular expansion parallax method is a differ-
ent way to estimate the distance. Becker & Duerbeck (1980)
first imaged an expanding nebular (0.′′25 yr−1) of V1500 Cyg
and estimated a distance of 1350 pc assuming the expan-
sion velocity of vexp = 1600 km s−1. However, Wade et al.
(1991) resolved an expanding nebula and obtained a much
lower expansion rate of 0.′′16 yr−1; they estimated the distance
to be 1.56 kpc, with a much smaller expansion velocity of
vexp = 1180 km s−1 observed by Cohen (1985). Slavin et al.
(1995) obtained a similar expanding angular velocity of the
nebula (0.′′16 yr−1) and obtained a distance of 1550 pc as-
suming vexp = 1180 km s−1. Here, we adopted a distance of
d = 1.5 kpc and a reddening of E(B−V ) = 0.45. Thus, the dis-
tance modulus is (m − M)V = 12.3, and the maximum bright-
ness is MV,max = mV,max − (m − M)V = 1.85 − 12.3 = −10.45.
The dereddened color-color diagram is plotted in Fig-
ure 8(b), where the UBV magnitudes are taken from Pfau
(1976), Arkhipova & Zaitseva (1976), Duerbeck & Wolf
(1977), and Contadakis (1980). In the figure we connect only
the data set of Duerbeck & Wolf (1977) with a red, thin, solid
line to show the development of the colors. V1500 Cyg fol-
lows the nova-giant sequence in the pre-maximum stage, i.e.,
starting from point D and reaching point C (=3) at optical light
maximum. It did not reach point B, point 2, or point A. In the
post-maximum phase, it returns from point C (=3) and reaches
point 4’ (near point F) along the nova-giant sequence.
As introduced in the previous Sections 3.1 and 3.2,
optically-thick, free-free emission dominates the spectrum
in the optical and IR region from point 4’ to 5’ (Figure
9). When the continuum of free-free emission dominates
the spectrum, the optical light curve follows the universal
decline law (Hachisu & Kato 2006), and its (B − V )0 and
(U − B)0 colors remain at point F, i.e., (B − V )0 = −0.03 and
(U − B)0 = −0.97 (magenta solid lines in Figures 6 and 7).
When strong emission lines contribute to the UBV broadband,
the light curves deviate from these values. We specify a tem-
plate (“V1500 Cyg template”) consisting of the four points
in Figure 8(b) to illustrate the track of color-color evolution,
from point D to C (=3), 4’, and then to 5’. We tabulate each
position of the V1500 Cyg template in Table 1.
3.5. V1668 Cyg
V1668 Cyg was discovered on UT 1978 September 10.24
(Morrison et al. 1978), two days before its optical maximum
of mV,max = 6.04. The light curve of V1668 Cyg is plotted
in Figure 1 on a linear timescale and in Figures 7 and 11
on a logarithmic timescale. The distance-reddening law in
the direction of V1668 Cyg was obtained by Slovak & Vogt
(1979), as shown in Figure 12 (large red filled circles), al-
though the number of stars is small and the data are scat-
tered for d > 1 kpc. They also obtained a reddening of
E(B −V ) = 0.38 from the interstellar feature of K I (7699 Å)
and thus a distance of d = 3.3 kpc. Duerbeck et al. (1980)
criticized Slovak & Vogt’s work and proposed a distance of
d = 2.3 kpc from their newly obtained distance-reddening
law and E(B − V ) = 0.35, using the same stars as those in
Slovak & Vogt (1979). These distance-reddening laws, how-
ever, rely on only three stars beyond 1 kpc (Slovak & Vogt
1979), so we cannot judge these two different estimates. As-
suming that the optical maximum is the Eddington luminosity,
Stickland et al. (1981) estimated the distance to be d = 2.2
kpc, together with their E(B −V ) = 0.40 from the 2200 Å fea-
ture. However, we have no evidence that the maximum lumi-
nosity of V1668 Cyg is just the Eddington limit.
The distance to the nova can also be estimated from
the MMRD relation. Klare et al. (1980) obtained MV,max =
−8.0±0.2 from Schmidt-Kaler’s (Schmidt 1957) relation to-
gether with t3 = 24.3 days (Mallama & Skillman 1979). This
gives a distance modulus of (m − M)V = 14.04 and a dis-
tance of d = 3.7 kpc, together with mV,max = 6.04 and AV =
3.1E(B −V) = 3.1× 0.40 = 1.24.
Using the model light curves of free-free emission,
Hachisu & Kato (2010) analyzed the multiwavelength light
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FIG. 11.— Optical/UV 1455Å light curves of OS And 1986 and V1668 Cyg 1978. The UV 1455Å data of OS And are taken from Cassatella et al. (2002).
The optical/UV 1455Å data for V1668 Cyg are the same as those in Figure 16 of Hachisu & Kato (2006). The optical V data (red filled squares) of OS And were
taken from Kikuchi et al. (1988), Ohmori & Kaga (1987), and IAU Circular Nos. 4282, 4293, 4306, 4342, and 4452. Visual data (red small dots) of OS And
are from the AAVSO archive. We also add our model free-free emission light curves and UV 1455Å model fluxes for both OS And and V1668 Cyg. The best fit
model of OS And is a 1.0 M⊙ WD among three WDs with 0.95 (blue solid line), 1.0 (red solid), and 1.05 (black solid) M⊙ and an assumed chemical composition
of X = 0.35, Y = 0.33, Z = 0.02, and XC+O = 0.30. On the other hand, the best fit model of V1668 Cyg is a 0.95 M⊙ WD. The sudden drops in the UV flux of
OS And on day ∼ 30 and of V1668 Cyg on day ∼ 60 are caused by the formation of an optically-thick/thin dust shell (denoted by arrows with “dust”).
FIG. 12.— Distance-reddening relation toward V1668 Cyg. Blue thick
solid line denotes the distance-reddening relation for UV 1455Å flux fitting.
Red horizontal solid line flanked by red dashed lines show the reddening of
E(B − V ) = 0.4± 0.1 determined from the 2200Å feature (Stickland et al.
1981). Black solid line flanked by dashed lines corresponds to a distance
modulus of (m − M)V = 14.25± 0.1. Red filled circles represent distance-
reddening relation data from Slovak & Vogt (1979). Four sets of data
with error bars show distance-reddening relations in four directions close
to V1668 Cyg: (l,b) = (90.◦75,−6.◦75) (red open squares), (91.◦00,−6.◦75)
(green filled squares), (90.◦75,−7.◦00) (blue asterisks), and (91.◦00,−7.◦00)
(magenta open circles); data were taken from Marshall et al. (2006). These
trends/lines cross at d ≈ 4.3 kpc and E(B −V )≈ 0.35.
curves of V1668 Cyg and V1974 Cyg. They calibrated the
absolute magnitudes of the model light curves for various
WD masses and tabulated them in their Tables 2 and 3. If
we use these calibrated model light curves, the absolute mag-
nitudes of nova light curves are determined by fitting. In
the following, we show an example of this fitting. We plot
the light curves of V1668 Cyg (and OS And, see Section
6.12) in Figure 11 with the free-free emission model light
curves taken from Hachisu & Kato (2010). This figure also
shows the UV 1455Å light curves corresponding to each op-
tical light curve model. This narrowband flux represents well
the evolution of the photospheric temperature of novae (e.g.,
Cassatella et al. 2002; Hachisu & Kato 2006; Hachisu et al.
2008). In the figure, we shift down the V and visual magni-
tudes by 0.5 mag and the y magnitudes of V1668 Cyg by 0.2
mag so that they overlap with the V light curve of OS And.
The UV 1455Å fluxes of V1668 Cyg are also scaled up by a
factor of 2.2. The 0.95 M⊙ WD (blue solid line) model shows
the best fit with both the observed IUE fluxes and optical V
light curve of V1668 Cyg when we increase the WD mass in
0.05 M⊙ steps. Here, we assumed a chemical composition
of X = 0.35, Y = 0.33, Z = 0.02, XC+O = 0.30. From the op-
tical light curve fitting, we obtained the distance modulus of
V1668 Cyg as
(m − M)V = mw − Mw
= (16.35 − 0.5) − (+1.6) = 14.25, (9)
where mw = 16.35 is read directly from the end point of the
free-free emission model light curve (large, open circle at
the bottom of the line) in Figure 11 and Mw is taken from
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Table 2 of Hachisu & Kato (2010) as Mw = +1.6 for the
MWD = 0.95 M⊙ model. Thus, we obtain a distance modulus
of (m − M)V = 14.25± 0.1, where ±0.1 is the possible fitting
error.
Hachisu & Kato (2010) also proposed another distance-
reddening relation calculated from the UV 1455Å flux fitting
as
2.5log
(
Fobs
λ
/Fmod
λ
)
= 8.3E(B −V) + 5log
(
d
10 kpc
)
, (10)
where, as shown in Figure 11, Fmod
λ
is the model flux (blue
solid line) at the distance of 10 kpc without absorption, Fobs
λ
is the observed flux (blue large open triangles), and the ab-
sorption is calculated from Aλ = 8.3E(B −V ) for λ = 1455Å
(Seaton 1979).
Figure 12 shows various distance-reddening relations to-
ward V1668 Cyg. Here, we omit the MMRD relation men-
tioned above because it is not very reliable. The first is the dis-
tance reddening relation given by Equation (2) together with
the distance modulus of (m − M)V = 14.25± 0.1 calculated
above from the calibrated model light curve. The second is
the distance-reddening relation given by Equation (10) for fit-
ting UV 1455Å. The third is an estimated value of E(B −V ) =
0.4± 0.1 from the 2200 Å feature (Stickland et al. 1981).
The fourth is a relation given by Marshall et al. (2006),
where the galactic coordinates of V1668 Cyg are (l,b) =
(90.◦8373,−6.◦7598). The four sets of data with error bars
show the distance-reddening relations in four directions close
to V1668 Cyg: (l,b) = (90.◦75,−6.◦75) (red open squares),
(91.◦00,−6.◦75) (green filled squares), (90.◦75,−7.◦00) (blue
asterisks), and (91.◦00,−7.◦00) (magenta open circles). These
trends/lines cross at d ≈ 4.3 kpc and E(B − V ) ≈ 0.35. We
adopted d = 4.3 kpc and E(B −V ) = 0.35 in this paper. Then,
the maximum magnitude is MV,max = mV,max − (m − M)V =
6.04 − 14.25≈ −8.2.
Figure 8(c) shows the dereddened color-color diagram of
V1668 Cyg, where the UBV data are taken from deRoux
(1978), Duerbeck et al. (1980), and Kolotilov (1980). It
started from somewhere on or near the nova-giant sequence
(probably point D), although we did not find data on the pre-
maximum (rising) phase of V1668 Cyg. Then, it reached near
point C (=3). The nova quickly evolved to point 4” (near
point F) along the nova-giant sequence and stayed at point
4” for a while. Optically-thick free-free emission dominates
the spectrum in the optical and IR region from point 4” to
5”, as denoted by magenta solid lines in Figure 7. Then the
nova moved horizontally (blueward in (B − V)0 toward point
5” but was almost constant in (U − B)0). In the figure we only
connect the points observed by deRoux (1978) to follow the
early color evolution. We do not connect other data observed
by Duerbeck et al. (1980) and Kolotilov (1980) to avoid a
confusing presentation of many line-connections. Thus, we
specify a template for V1668 Cyg (“V1668 Cyg template”)
by three points, that is, (probably from point D to point C),
from point C to point 4”, and then from point 4” to 5”. These
points are tabulated in Table 1.
3.6. V1974 Cyg
V1974 Cyg was discovered at mV ∼ 6.8 on UT 1992 Febru-
ary 19.07 (JD 2448671.57; Collins 1992) on the way to its
optical maximum of mV,max ≈ 4.2 around February 22 (JD
2448674.5). This is the first nova ever observed in all the
wavelengths from gamma-ray to radio, and was especially
well-observed by an X-ray satellite ROSAT and a UV satel-
lite IUE. The light curve and color curves of V1974 Cyg are
plotted in Figure 7 and the UV 1455Å and X-ray light curves
are shown in Figure 13 both on a logarithmic timescale.
ROSAT first detected the beginning and end of supersoft X-
ray emission from classical novae (e.g., Krautter et al. 1996;
Balman et al. 1998).
To determine the reddening toward V1974 Cyg, we plot
the distance-reddening relation in Figure 14. The distance
to V1974 Cyg was carefully determined by Chochol et al.
(1997) to be d = 1.77± 0.11 kpc using an expansion paral-
lax method. Here we adopted Chochol et al.’s distance value
of d = 1.8± 0.1 kpc (black vertical solid line flanked by thin,
dashed lines). The galactic coordinates of V1974 Cyg are
(l,b) = (89.◦1338,7.◦8193). The four sets of data points with
error bars show the distance-reddening relations in four di-
rections close to V1974 Cyg: (l,b) = (89.◦00,7.◦75) (red open
squares), (89.◦25,7.◦75) (green filled squares), (89.◦00,8.◦00)
(blue asterisks), and (89.◦25,8.◦00) (magenta open circles);
the data are taken from Marshall et al. (2006). The closest
one is that denoted by green filled squares, which crosses
the d = 1.8 kpc line at E(B − V ) = 0.25± 0.05. The redden-
ing was also estimated by many researchers. Chochol et al.
(1997) presented their mean value of E(B −V ) = 0.26± 0.03
from various estimates based mainly on the MMRD rela-
tions. Austin et al. (1996) obtained the reddening toward
V1974 Cyg mainly on the basis of the UV and optical line ra-
tios for days 200 through 500, i.e., E(B−V ) = 0.36±0.04. The
NASA/IPAC galactic dust absorption map gives E(B − V ) =
0.35± 0.01 in the direction toward V1974 Cyg. Here we
adopted the mean value of these four estimates, i.e., E(B−V ) =
0.3±0.1 and plot this in Figure 14 (horizontal, red, solid line
flanked by thin, dashed lines).
The distance-reddening relation is also obtained from the
UV 1455Å flux fitting in Figure 13. Comparing the model
flux of 1.05 M⊙ WD and the observed ones, we obtain the
relation in Equation (10) for V1974 Cyg, which is plotted
by a magenta thick solid line in Figure 14. We also plot
the distance-reddening relation, i.e., Equation (2), using the
distance modulus of (m − M)V = 12.2± 0.1 from the free-
free model light curve fitting, i.e., (m − M)V = mw − Mw =
13.8 − (+1.6) = 12.2 in Figure 13. These trends/lines con-
sistently cross at d ≈ 1.8 kpc and E(B − V ) ≈ 0.30. There-
fore, we confidently adopt d = 1.8 kpc and E(B−V ) = 0.30 for
V1974 Cyg.
Using E(B −V ) = 0.30, we dereddened the color-color evo-
lution of V1974 Cyg in Figure 8(d), where the UBV data
are taken from IAU Circulars and Chochol et al. (1993). It
started from a position near point D in the color-color diagram
before an iron curtain developed in the UV wavelength region.
This point is highlighted by a blue filled star symbol because
it is only the data in the pre-maximum phase (Kosai et al.
1992). The blue star symbol is located on the nova-giant se-
quence. This starting point is very similar to that of PW Vul
and corresponds to the so-called fireball stage. Then, the nova
ascended to point 4” (near point F) along the nova-giant se-
quence. After the nova reached point 4”, it stayed at or near
point 4” for 10–20 days. Then it gradually moved horizon-
tally leftward, as shown in Figures 7 and 8(d). This track is
almost the same as that of V1668 Cyg. We specify it by points
D, 4”, and 5” (“V1974 Cyg template”). These positions are
tabulated in Table 1.
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FIG. 13.— Optical/UV 1455Å /X-ray light curves of V1974 Cyg. The optical/UV 1455Å /X-ray data for V1974 Cyg are the same as those in Figure 19 of
Hachisu & Kato (2006). The best fit model is a 1.05 M⊙ WD among three WDs with 1.0 (green solid line), 1.05 (red thick solid line), and 1.1 (blue solid line)
M⊙ WDs and an assumed chemical composition of X = 0.55, Y = 0.30, Z = 0.02, XC+O = 0.10, and XNe = 0.03.
FIG. 14.— Same as Figure 12, but for V1974 Cyg. Magenta thick solid line
denotes the distance-reddening relation for UV 1455Å flux (see Figure 19 of
Hachisu & Kato 2006). Red horizontal solid line flanked by red dashed lines
shows reddening of E(B −V ) = 0.3± 0.1. Blue solid line flanked by dashed
lines corresponds to (m − M)V = 12.2± 0.1. Black vertical solid line flanked
by dashed lines corresponds to the distance d = 1.8± 0.1 kpc. Four sets
of data with error bars show distance-reddening relations in four directions
close to V1974 Cyg: (l,b) = (89.◦00,7.◦75) (red open squares), (89.◦25,7.◦75)
(green filled squares), (89.◦00,8.◦00) (blue asterisks), and (89.◦25,8.◦00)
(magenta open circles); data are taken from Marshall et al. (2006). These
trends/lines cross at d ≈ 1.8 kpc and E(B −V )≈ 0.30.
Note that V1974 Cyg did not make a long journey to-
ward point C (=3). It did not reach point C whereas the
other three novae, PW Vul, V1500 Cyg, and V1668 Cyg,
did. This behavior is very consistent with the develop-
ment of the UV1455Å continuum flux (see Figure 13). In
V1974 Cyg the UV flux was relatively high a few days be-
fore optical maximum and then almost vanished near opti-
cal maximum, followed by a quick rise just after the opti-
cal maximum. On the other hand, V1668 Cyg maintained
almost zero UV1455Å flux for a relatively long time (10–
20 days) before and after optical maximum, followed by a
quick rise with a timescale similar to that of V1974 Cyg
(Cassatella et al. 2002; Kato & Hachisu 2007), although t3 is
shorter in V1668 Cyg (26 days) than in V1974 Cyg (42 days).
This fact simply means that the photospheric temperature at
the optical maximum in V1974 Cyg is much higher than that
of V1668 Cyg. This is why the excursion toward point C is
much shorter in V1974 Cyg than in V1668 Cyg. From the
viewpoint of nova theory, this suggests a much lower enve-
lope mass in V1974 Cyg than in V1668 Cyg.
In this way, we found that the five well-observed novae fol-
low a similar path in the color-color diagram. Our new finding
of the nova-giant sequence is a characteristic property near
and around optical maximum that is common among these
novae.
4. COLOR EVOLUTION OF SYMBIOTIC NOVA PU VUL
Our next example is the symbiotic nova PU Vul, be-
cause there are many UBV color data (e.g., Shugarov et al.
2012) during the long lasting outburst. It is an eclips-
ing binary with an orbital period of ∼ 4900 days (13.4
yr) (Kolotilov et al. 1995; Nussbaumer & Vogel 1996;
Garnavich 1996; Shugarov et al. 2012). It exhibited an
outburst in 1978 (see e.g. Belyakina et al. 1989), and its
very slow evolution provides us with dense optical spectro-
scopic/photometric data as well as IUE/Hubble Space Tele-
scope (HST) UV observations. The V light curve of PU Vul
is plotted in Figure 15, together with the light curve of the
very slow nova V723 Cas, which we discuss later in Sec-
tion 5. PU Vul consists of a mass-accreting WD and a
mass-donating, semi-regularly pulsating M6 red giant (RG).
Kato et al. (2011, 2012) obtained ∼ 0.6 M⊙ for the WD and
∼ 0.8 M⊙ for the RG.
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FIG. 15.— Optical and UV 1455 Å light curves of PU Vul (black symbols) and V723 Cas (red symbols). Small open black circles: V magnitudes of PU Vul.
Large open black circles: IUE UV 1455Å flux of PU Vul. All data for PU Vul are those in Kato et al. (2011, 2012). Three blue vertical lines indicate the central
times of eclipses in 1980, 1994, and 2007. Five downward arrows denote five stages of color evolution of PU Vul as defined in Section 4. Two horizontal solid
lines denote absolute magnitudes of MV = −5.4 and −5.7 in the flat peak of PU Vul in 1979 and 1981-1983, respectively. Red asterisks and dots show V and
visual magnitudes of V723 Cas, which are taken from Chochol & Pribulla (1997, 1998) and the AAVSO archive, respectively. Large open red circles with a plus
sign inside: IUE UV 1455Å flux of V723 Cas, the values of which are multiplied by ten. Light curves of V723 Cas are shifted by about 8 yr leftward to match
the start of the UV 1455 Å outburst of these two novae; V and visual light curves of V723 Cas are shifted by 0.3 mag upward to match the absolute magnitudes
of these two novae.
Kato et al. (2012) carefully analyzed the available data for
PU Vul and obtained a reddening of E(B − V ) = 0.30 with
a possible systematic error of 0.05 and a distance of d =
4.7 kpc from four combinations of three independent meth-
ods. The NASA/IPAC galactic dust absorption map gives
E(B − V ) = 0.29± 0.01 in the direction of PU Vul, whose
galactic coordinates are (l,b) = (62.◦5753,−8.◦5317); this is
perfectly consistent with Kato et al.’s reddening estimate.
Therefore, we adopted E(B − V ) = 0.30 and d = 4.7 kpc in
this paper. Thus, the distance modulus in the V band is
(m−M)V = AV +5log(d/10 pc) = 3.1×0.3+5log(470) = 14.3.
To follow the color evolution, we chose five epochs that
represent typical evolutionary stages of PU Vul, as indicated
by downward arrows in Figure 15. These stages were chosen
to avoid the three total eclipses in 1980, 1994, and 2007,
which are indicated by three, blue, vertical lines in Figure 15,
because the hot component (the WD) is totally occulted by
the cool component (the RG) during the eclipses. We briefly
summarize the features of each stage in the V magnitude as
follows:
stage 1: Pre-maximum phase, 0.3 mag below the maximum.
stage 2: Optical maximum.
stage 3: Post-maximum flat peak before the nebular phase.
stage 4: Onset of the nebular phase, ∼ 1.5 mag decayed from
the maximum.
stage 5: Mid nebular phase, ∼ 2.5 mag decayed from the
maximum.
For each stage, we took a mean value of the magnitudes
in Figure 3 of Shugarov et al. (2012), which shows many
color data with a small scatter around the mean value. Us-
ing the 1979–1993 data of Shugarov et al. (2012), we show
the color-color evolution of PU Vul in Figure 16 for the pre-
maximum phase (from stage 1 to 2) and in Figure 17 for the
post-maximum phase (from stage 2 to stages 3, 4, and 5).
4.1. Nova-giant Sequence: Stages 1–3
During the flat peak (stages 1 – 3), PU Vul evolved from
point 1 to 2 in Figure 16 and from point 2 to 3 in Figure 17.
Kanamitsu (1991) reported pure absorption spectra for F-type
supergiants, which we attribute to the photospheric emission
of PU Vul. The paths from points 1 to 2 through point B
and from points 2 to 3 through point B are parallel to, but
∆(U − B) ≈ −0.2 mag bluer than, the supergiant sequence,
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FIG. 16.— Same as Figure 4, but for PU Vul (denoted by red filled circles)
in the pre-maximum phase. The data are taken from Shugarov et al. (2012).
Five evolutionary epochs of PU Vul in Figure 15 are indicated by open trian-
gles with numbers. A landmark of optically-thick, free-free emission spectra
is added, i.e., point F denoted by an open diamond. The track of PU Vul
(green arrows) almost coincides with the nova-giant sequence (from point 1
to 2 through point B), which is located at about ∆(U − B) ≈ −0.2 mag bluer
than the supergiant sequence. The reddening direction is shown at the top of
the supergiant sequence by a blue arrow, the length of which corresponds to
E(B −V ) = 0.2. See text for more details.
FIG. 17.— Same as Figure 16, but in the post-maximum phase (from points
2, B, 3, 4, and 5). Two landmarks of free-free emission spectra are added:
optically-thin (open square denoted by 0) and optically-thick (open diamond
denoted by F).
FIG. 18.— Same as Figure 9, but for PU Vul about 11 yr after the outburst.
Open red circles: U , B, and V band fluxes (taken from Kolotilov et al. 1995),
which are denoted by three black downward arrows. Red solid line: UV
fluxes (IUE SWP35966 and LWP15323). All fluxes are dereddened with
E(B −V ) = 0.30. Global features of spectrum can be fitted with combination
(black solid line) of blackbody with temperature TBB = 15,500 K (magenta
solid line) and optically-thick, free-free emission with electron temperature
Te = 15,500 K (blue solid line). We also plot an optically-thin, free-free
emission spectrum of Fν ∝ ν0, that is, Fλ ∝ λ−2 (red thin straight solid line).
In the UBV bands, the spectral energy distribution (SED) is close enough to
that of optically-thin, free-free emission of Fλ ∝ λ−2.
as shown in Figures 16 and 17. This part of the track coin-
cides perfectly with the nova-giant sequence defined by the
FH Ser data in Section 2. This bluer position can be seen
in the spectra of PU Vul obtained by Belyakina et al. (1989,
p. 123), who reported, “There is a good agreement of the
energy distribution of PU Vul and normal supergiants in the
spectrum region from 3000Å to 7000Å . In the region from
3200Å to 3800Å , the UV excess is clearly seen. The amount
of this excess in 1983 agrees well with the photometric esti-
mate ∆(U − B) = −0.2 mag.” (See the spectrum in Figure 6
of Belyakina et al. (1989) for more details.) We will show
below in Sections 5 and 6 that this nova-giant sequence is
common among many novae.
4.2. Wind phase: stage 4
The optical spectrum of PU Vul changed to that of a
Wolf-Rayet (WR) star in 1987 (Iijima 1989), indicating a
transition to the nebular phase (see also Belyakina et al.
1989; Tomov et al. 1991). Vogel & Nussbaumer (1992) and
Sion et al. (1993) also reported that IUE spectra changed to
that of a WR type wind. These changes are consistent with
Kato et al.’s (2012) UV light curve analysis that optically-
thin winds with a mass-loss rate of several times 10−7M⊙ yr−1
started in 1987. At this epoch, PU Vul quickly ascends in the
color-color diagram almost vertically to point 4 (at stage 4)
above the blackbody sequence. Point 4 is very close to point
0, which is denoted by an open square in Figure 17, corre-
sponding to the position of optically-thin free-free emission
(Fν ∝ ν0), i.e., (B −V)0 = +0.13 and (U − B)0 = −0.82.
We can interpret this transition from stage 3 to 4 as fol-
lows: in the early expanding phase, PU Vul moved along the
nova-giant sequence from stage 1 to 2 and then returned to
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3. We observed the photospheric emission (pure absorption
feature of F-supergiants) during stages 1 – 3, as schemati-
cally illustrated in Figure 5(b). The nova-giant sequence is
much redder than the blackbody sequence in the (U − B)0
color because of the large contribution from the Balmer jump.
When winds began to blow, the configuration of the envelope
changed from that in Figure 5(b) to that in Figure 5(c). Then,
the Balmer jump became shallower (see the spectrum in Fig-
ure 6 of Belyakina et al. 1989) and was filled with emission
lines. Thus, the spectrum is approaching that of a blackbody
or free-free emission. The resultant (U − B)0 color becomes
bluer to approach that of a blackbody or free-free emission.
To understand this property, we analyze the nova spectra
from UT 1989 April 8, in the nebular phase (stage 4). We
assume that the spectrum is a summation of the blackbody
emission at the photospheric temperature Tph = TBB and opti-
cally thick free-free emission at the electron temperature of Te,
i.e., Equation (5). Figures 18 shows the broad band spectrum
of PU Vul, a combination of IUE spectra of SWP35966 and
LWP15323 taken from the INES archive data sever and opti-
cal UBV fluxes observed on UT 1989 April 8 (Kolotilov et al.
1995). Assuming that Tph = Te, we changed Tph in 500 K
steps and obtained a temperature of Tph = Te = 15500 K. This
is roughly consistent with the photospheric temperature of
Tph ∼ 20000 K theoretically calculated by Kato et al. (2012).
As shown in Figure 18, we need a free-free emission com-
ponent to fit the spectrum although its contribution is rather
small at the UBV bands. The slope of the resultant spectrum
at the UBV bands is very close to that of optically-thin free-
free emission (Fλ ∝ λ−2). This explains why the position of
stage 4 is close to both the blackbody sequence and optically-
thin, free-free emission, i.e., point 0 in Figure 17.
4.3. Effects of Strong Emission Lines: Stage 5
In the color-color diagram of Figure 17, PU Vul further
evolves blueward from point 4 to 5 (stage 4 to 5) while main-
taining an almost constant (U − B)0. This blueward change is
mainly due to the growth of strong emission lines, especially
in the U and B bands, as already explained in Section 3.3.
Figure 10 shows the effect of strong emission lines, i.e.,
∆(B − V) and ∆(U − B), in the color-color diagram. Among
the seven stars in Figure 10, six are symbiotic stars and three
are symbiotic novae. Symbiotic novae can be divided into
two groups according to their spectral evolution. The first
group exhibits a long (several years) “supergiant phase,” in
which they resemble an A–F supergiant while the star un-
dergoes a nova outburst. In the second group, a nebular
phase begins almost immediately after optical maximum, and
a “supergiant phase,” if there is one, has a very short dura-
tion (Mürset & Nussbaumer 1994). The first group includes
PU Vul, RR Tel, AG Peg, and RT Ser. The second group in-
cludes V1016 Cyg, HBV 475, and HM Sge. Because PU Vul
is not included in Skopal (2007), we highlight RR Tel in Fig-
ure 10 because it belongs to the same group as PU Vul and
its spectral evolution is similar to that of PU Vul. It is very
clear that the blueward excursion in the color-color diagram
is due to emission lines, because the position moves almost
horizontally by ∆(B −V)≈ −0.8.
Thus, we specify the color-color evolution of PU Vul by
points 1, 2, 3, 4, and 5 (“PU Vul template”). These points are
tabulated in Table 1. Here we stop following the color evo-
lution when the V magnitude drops by about 3 mag from the
maximum because strong emission lines make increasingly
large contributions to the colors, and their effects cloud the
FIG. 19.— Optical light curves of three very slow novae, V723 Cas
(red), HR Del (blue), and V5558 Sgr (magenta), from top to bottom.
V723 Cas: small red dots are visual magnitudes taken from the AAVSO
archive; red open circles are V magnitudes taken from Chochol & Pribulla
(1997). HR Del: blue small filled circles are photographic magnitudes
(mpg) taken from Terzan (1968); blue large open circles are V magnitudes
taken from Mollerus (1969), Mannery (1970), Barnes & Evans (1970),
Onderlicˇka & Vetešník (1968), and Drechsel et al. (1977). V5558 Sgr: ma-
genta dots are visual magnitudes taken from the AAVSO archive; magenta
open circles are V magnitudes taken from the AAVSO and Variable Star Ob-
servers League in Japan (VSOLJ) archives. Two horizontal solid lines denote
absolute magnitudes of MV = −5.4 and −5.7, which correspond to the flat
peaks of PU Vul in 1979 and 1981–1983, respectively. First three flaring
peaks are denoted by downward arrows for each nova.
overall color evolution.
It may be surprising that the color-color evolution of PU Vul
follows almost the same tracks as those of slow/moderately
fast/fast novae. This is because the physics of emission (Fig-
ure 5) is common among these novae regardless of the speed
class or light curve shape. In a classical nova, the evolution
is very fast, and it quickly passes stages (a) and (b) in Fig-
ure 5 and enters the optically thick wind phase (c). On the
other hand, in PU Vul, the optically-thick winds were not ac-
celerated and it slowly evolved from stages (a) to (b) and then
entered the optically-thin wind phase. In the next section, we
further show that very slow novae also follow this common
track in color-color evolution.
5. COLOR EVOLUTION OF VERY SLOW NOVAE, HR DEL,
V723 CAS, AND V5558 SGR
In this section, we examine the color evolutions of three
very slow novae, HR Del, V723 Cas, and V5558 Sgr.
They have similar light curves (see Figure 19) and spectral
evolutions (e.g., Friedjung 1992; Friedjung & Iijima 2002;
Evans et al. 2003; Munari et al. 2007).
5.1. The Nature of Outbursts: Transition from Static to Wind
Evolution
HR Del, V723 Cas, and V5558 Sgr show multiple peaks
in their light curves, as shown in Figure 19, whereas PU Vul
shows a smooth light curve with a flat maximum phase except
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for the eclipses. Kato & Hachisu (2009) proposed the con-
cept of multiple solutions of novae as an explanation for such
multipeak structures in the optical light curves. They pointed
out that there are two different types of nova evolution; one is
evolution with optically-thick winds for MWD & 0.5 M⊙ (e.g.,
Kato & Hachisu 1994) and the other is that without them for
MWD . 0.7 M⊙. Both types can be realized in slow novae
in a certain range of WD masses, 0.5 M⊙ . MWD . 0.7 M⊙.
For example, the evolution of GQ Mus 1983 is explained by
a sequence of optically-thick wind solutions on a ∼ 0.7 M⊙
WD (Hachisu et al. 2008), whereas the evolution of PU Vul
1979 is described by a sequence of hydrostatic solutions on
a ∼ 0.6 M⊙ WD (Kato et al. 2011). These two evolutions
show a remarkable difference in the optical light curves. In
a wind-type nova, massive optically-thick winds carry away a
large part of the envelope, producing a quick decay of the light
curve. Thus, the optical light curve of the nova shows a sharp
peak. On the other hand, in low mass WDs no optically-thick
winds are accelerated, so the nova evolves very slowly and
retains an extended photosphere with low temperatures for a
long time, which produces a long lasting flat optical peak be-
fore the magnitude slowly decays as in PU Vul.
Kato & Hachisu (2011) explained theoretically that the
transition from static evolution to wind evolution could oc-
cur during an outburst. In such a case, the nova shows a flat
optical peak with no indication of strong mass loss in the early
phase of the outburst, like PU Vul, followed by a quick decay
phase, as in normal novae with strong optically-thick winds.
They further suggested that such a transition from a static to
a wind structure is accompanied by behavior such as oscilla-
tions in the brightness, because the internal structures of the
static/wind solutions differ greatly, and a relaxation process in
the transition should induce some oscillatory features. They
suggested that the light curve behaviors of HR Del, V723 Cas,
and V5558 Sgr in Figure 19 correspond to this type of transi-
tion.
Kato & Hachisu (2011) proposed the following transition
mechanism: The static evolution itself is stable, as seen in
the 8-yr flat peak of PU Vul (Figures 1 and 15). In close bi-
naries, however, the envelope structures are affected because
of the effect of a companion star’s gravity, which may trig-
ger the transition. For PU Vul (Porb = 4900 days), however,
the transition was not triggered because its companion star is
far outside the photosphere of the bloated WD envelope. For
HR Del (Porb = 0.214 days), V723 Cas (Porb = 0.692 days), and
V5558 Sgr (Porb = unknown), their outbursts started as static
evolution, but their transitions were triggered a few hundred
days after the outburst, owing to the effect of the companion
located deep in the nova envelope. If this is the case, these
three novae should exhibit not only similar light curve evolu-
tion but also similar color evolution. In this section we first
examine the distances and absorptions of these three novae to
obtain the dereddened colors and then discuss the color evo-
lution of these three very slow novae.
5.2. Absolute magnitude at pre-maximum halt in slow novae
First, we examine the absolute magnitude of these
very slow novae. As already explained in Section 5.1,
Kato & Hachisu (2011) modeled the pre-maximum phase of
these very slow novae with a static evolution followed by the
transition from a static to a wind structure. They predicted
that this transition occurs in a narrow range of WD masses,
0.5 M⊙ . MWD . 0.7 M⊙. Thus, the brightness at the pre-
maximum phase is similar to that of PU Vul (∼ 0.6 M⊙), i.e.,
MV = −5.4 in stage 1 and MV = −5.7 in stage 2. We apply these
two absolute magnitudes of PU Vul to the V light curves of
the three novae. Because these light curves show oscillatory
behavior, it is not easy to define the stages corresponding to
stages 1 and 2 in PU Vul. However, we finally found reason-
able fittings, as shown in Figure 19. Thus, we obtained a dis-
tance modulus of (m− M)V = 10.4, 14.0, and 13.9 for HR Del,
V723 Cas, and V5558 Sgr, respectively.
We confirmed and calibrated the distance moduli of these
three novae obtained above by comparing their light curves
with that of RR Pic, because the distance to RR Pic was
recently obtained using trigonometric parallax, i.e., d =
521+54
−45 pc (Harrison et al. 2013). The distance modulus of
RR Pic is calculated to be (m− M)V = 5log521+54
−45/10 + 0.13 =
8.7± 0.2, where we used AV = 0.13 after Harrison et al.
(2013). The V light curve of RR Pic is plotted in Figure
20 on a linear timescale and in Figure 21 on a logarithmic
timescale with those of HR Del, V723 Cas, and V5558 Sgr.
We shifted the V light curves of RR Pic, V5558 Sgr, and
HR Del vertically so that they overlap that of V723 Cas. The
light curve of RR Pic is very similar to those of these three no-
vae, so RR Pic belongs to the same type of novae as HR Del,
V723 Cas, and V5558 Sgr, although the very early (rising)
phase of RR Pic was not observed. Because these four no-
vae have almost the same timescale of decline, we simply
assumed that their brightnesses are all the same. The dif-
ference in V magnitude compared to V723 Cas is −5.3 for
RR Pic, −3.6 for HR Del, and −0.1 for V5558 Sgr. There-
fore, the difference ∆V from RR Pic is calculated as ∆V =
−3.6 + 5.3 for HR Del, ∆V = −0.0 + 5.3 for V723 Cas, and
∆V = −0.1 + 5.3 for V5558 Sgr. The distance moduli of these
three novae are (m−M)V,HR Del = 10.4, (m−M)V,V723 Cas = 14.0,
and (m − M)V,V5558 Sgr = 13.9. Thus we have
(m − M)V,RR Pic = 8.7± 0.2
= (m − M)V,HR Del −∆V
= 10.4 − (−3.6 + 5.3) = 8.7
= (m − M)V,V723 Cas −∆V
= 14.0 − (−0.0 + 5.3) = 8.7
= (m − M)V,V5558 Sgr −∆V
= 13.9 − (−0.1 + 5.3) = 8.7. (11)
These values are very consistent with each other.
5.3. HR Del 1967
The very slow nova HR Del was discovered by Al-
cock (Candy et al. 1967) at mv = 5.0 on UT 1967 July
8.9 (JD 2439680.4). The light curve of HR Del is plot-
ted in Figures 19, 20, and 21. It reached 4.7 mag at
optical maximum. Since the outburst day is not known,
we adopted UT 1967 June 8.5 as the outburst day, i.e.,
tOB =JD 2439653.0, from the figure of Robinson & Ashbrook
(1968). Verbunt (1987) obtained E(B − V ) = 0.15± 0.03
for the extinction toward HR Del. The NASA/IPAC galac-
tic dust absorption map gives E(B −V ) = 0.11± 0.006 in the
direction of HR Del, whose galactic coordinates are (l,b) =
(63.◦4304,−13.◦9721); this is roughly consistent with Ver-
bunt’s value. Downes & Duerbeck (2000) obtained a dis-
tance of d = 0.76± 0.13 kpc to HR Del from the nebular ex-
pansion parallax. More recently, Harman & O’Brien (2003)
obtained a new value of the distance, d = 0.97± 0.07 kpc,
also from the expansion parallax method using HST imaging.
Other, older, estimates are all between the above two esti-
mates, i.e., d = 0.940±0.155 kpc from various expansion par-
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FIG. 20.— Light curves in (a) V band, and color evolution in (b) (B −V )0,
and (c) (U − B)0 for RR Pic (magenta open circles with a plus sign), HR Del
(blue symbols), V723 Cas (red triangles), and V5558 Sgr (green squares). To
overlap them for as long as possible, we shifted the V magnitudes of RR Pic,
HR Del, and V5558 Sgr downward by 5.3, 3.6, and 0.1 mag, respectively, and
arranged the origin of the time of each nova against those of V723 Cas. The
visual and photometric data for RR Pic are taken from the AAVSO archive
and Dawson (1926), respectively.
allax methods (Malakpur 1975; Kohoutek 1981; Duerbeck
1981; Solf 1983; Cohen & Rosenthal 1983; Slavin et al.
1994, 1995) or d = 0.835± 0.092 kpc from other techniques
(Drechsel et al. 1977). If we adopted the new distance esti-
mate of d = 0.97 kpc (Harman & O’Brien 2003) and the ex-
tinction of E(B−V ) = 0.15 (Verbunt 1987), the distance mod-
ulus is (m − M)V = 5log970/10 + 3.1× 0.15 = 10.4, which is
perfectly consistent with the value in Equation (11). There-
fore, we used E(B −V) = 0.15 and d = 0.97 kpc for HR Del.
5.4. V723 Cas 1995
V723 Cas is also a very slow nova; it was discovered
at mag 9.2 on UT 1995 August 24.57 (JD 2449954.07).
Munari et al. (1996) proposed UT July 20.5 as the outburst
day, i.e., tOB =JD 2449919.0, so we adopted this day in this pa-
per. The interstellar extinction and distance toward V723 Cas
were estimated by many authors. Chochol & Pribulla (1997)
obtained (m − M)V = 13.8, E(B −V ) = 0.57, and d = 2.38 kpc
from various MMRD relations as well as the V15 and B15
brightnesses (absolute MV and MB 15 days after the max-
imum, respectively) of novae. Iijima et al. (1998) gave
(m − M)V = 13.2, AV = 0.88 (E(B − V) = AV/3.1 = 0.28), and
d = 3 kpc from the interstellar absorption, but Iijima (2006)
revised the value to (m−M)V = 14.0 for E(B−V ) = 0.57±0.05
and d = 2.8 kpc. Evans et al. (2003) obtained (m − M)V =
14.9, AV = 1.9 (E(B−V ) = AV/3.1 = 0.61), and d = 4 kpc using
the MMRD relation and the Eddington limit of a 0.67 M⊙ WD
FIG. 21.— Same as Figure 20, but on a logarithmic timescale. Data for
T Pyx (black symbols) are added for comparison (see Section 6.5). The data
for T Pyx are taken from the AAVSO archive. We stretched the light curve
of T Pyx by 4.68 and shifted the magnitudes down by 0.6 mag against that of
V723 Cas. The late phase V light curves of these novae follow a t−3 law for
a uniform expansion of constant nebular mass.
(MV = −6.59), together with the apparent flat peak magnitude
of mV = 8.25. However, their assumed absolute magnitude of
MV = −6.59 is too bright for a nova on a low-mass WD (see,
e.g., Equations (3) and (4) of Hachisu & Kato 2004). As a
result, their obtained value of (m − M)V = 14.9 is too large. If
we adopt MV = −5.3 (Hachisu & Kato 2004) for a low-mass
WD and mV = 8.25 above, the distance modulus becomes
(m − M)V = 13.6, which is much smaller than (m − M)V = 14.9
and roughly consistent with the other values mentioned above.
Ness et al. (2008) criticized the application of the MMRD
relations to very irregular light curves. Instead, they as-
sumed that the absolute magnitude of V723 Cas is the same
as that of HR Del, because they are similar types of novae.
They obtained (m − M)V = 13.7, E(B − V ) = 0.5± 0.1, and
d = 2.7+0.4
−0.3 kpc. Hachisu & Kato (2004) obtained the distance
modulus of (m − M)V = 13.9 for a 0.59 M⊙ WD with a so-
lar composition envelope, by comparing their blackbody light
curves with observations. Hachisu & Kato could not spec-
ify E(B −V ) but proposed d = 2.5 kpc for E(B −V ) = 0.6 and
d = 4.0 kpc for E(B − V ) = 0.3. Thus, the resultant distance
modulus to V723 Cas was not very scattered and fell in a rel-
atively narrow range of (m − M)V = 13.6–14.0.
The interstellar extinction toward V723 Cas was also esti-
mated by many authors, but their values are quite scattered.
In increasing order, Rudy et al. (2002) obtained E(B − V ) =
0.20± 0.12 in 1999 August and 0.25± 0.1 in 2000 July from
the Paschen and Brackett lines. Iijima et al. (1998) obtained
E(B −V) = 0.29 from the reddening of field stars near the lo-
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FIG. 22.— (a) Observed B −V colors of three novae, HR Del, V723 Cas,
and V5558 Sgr. Downward arrows indicate first three flaring peaks of
novae, which are the same as those in Figure 19. We use filled and
open symbols to denote data before and after the first flaring peak, respec-
tively. The data for HR Del are taken from O’Connell (1968), Mannery
(1970), Barnes & Evans (1970), and Onderlicˇka & Vetešník (1968). The
data for V723 Cas are taken from Chochol & Pribulla (1997). The data
for V5558 Sgr are taken from the AAVSO and VSOLJ archives. (b) In-
trinsic (B − V )0 colors of the three novae. We estimated the interstellar
extinctions by assuming that the colors of these three novae are the same
in the pre-maximum phase. Here we fix the extinction of HR Del to be
E(B −V ) = 0.15. The obtained extinctions are E(B −V ) = 0.35 for V723 Cas
and E(B −V ) = 0.70 for V5558 Sgr.
cation of V723 Cas. Munari et al. (1996) obtained E(B−V) =
0.45 from interstellar Na I D double lines. Ness et al. (2008)
estimated the extinction to be E(B −V) = 0.5± 0.1 from var-
ious values in the literature and their NH value from X-ray
spectrum model fits. Chochol & Pribulla (1997) obtained
E(B − V ) = 0.57 from the intrinsic colors at maximum and
at two magnitude below maximum. González-Riestra et al.
(1996) gave E(B −V ) = 0.60 from the 2200Å dust absorption
feature. Evans et al. (2003) derived E(B − V ) = 0.78± 0.15
from the IR H I recombination lines.
The galactic extinction is E(B − V ) = 0.39 in the direction
of V723 Cas from the dust map of Schlegel et al. (1998),
where the galactic coordinates of V723 Cas are (l,b) =
(124.◦9606,−8.◦8068). The HEASARC NH tool yields NH =
2.1× 1021 for LAB (Leiden/Argentine/Bonn; Kalberla et al.
2005) and 2.4 × 1021 cm−2 for DL (Dickey & Lockman
1990), respectively. If we use the relation of E(B − V ) =
NH/5.8× 1021 cm−2 (Bohlin et al. 1978) (or the recent re-
lation of E(B − V ) = NH/8.3× 1021 cm−2 (Liszt 2014)), the
extinction is E(B −V ) = 0.4 (or E(B −V ) = 0.29). The recent
NASA/IPAC dust map gives E(B − V) = 0.34± 0.01. There-
fore, the extinction could be around E(B − V ) ∼ 0.35 if the
circumstellar absorption is negligible.
FIG. 23.— Same as Figure 18, but for V723 Cas about 200 days after the
outburst. Observed UBVR fluxes are taken from Chochol & Pribulla (1997)
and JHK fluxes are taken from Kamath & Ashok (1999). IUE UV spectra
(SWP56799 and LWP31977) are taken from the INES archive data sever.
We also plot the UV1455Å flux. All fluxes denoted by red open circles and
red thin solid lines are dereddened with E(B − V ) = 0.35. Global features
of spectrum can be fitted with combination (black solid line) of blackbody
with temperature TBB = 15,500 K (magenta solid line) and optically-thick,
free-free emission with electron temperature Te = 15,500 K (blue solid line).
In the region of the UBV bands, the SED is close to that of optically-thin,
free-free emission of Fλ ∝ λ−2 (red thin solid line).
González-Riestra et al. (1996) obtained a large value of
E(B −V) = 0.6 on the basis of the strength of the 2175 Å ab-
sorption feature in the IUE spectra taken in 1996 January, ap-
proximately 150 days after the outburst. This value must be
taken as an upper limit, because it was obtained from spec-
tra taken while the nova was still in an optically-thick state,
and may have been affected by an additional circumstellar ab-
sorption. To confirm this effect, R. González-Riestra (2012,
private communication) examined IUE spectra taken later in
the outburst, and obtained color excess values of 0.34, 0.33,
and 0.25 for days 160, 172, and 176 after the outburst, re-
spectively, all with an uncertainty of ±0.05. These values are
much smaller than that of 0.60 obtained 150 days after the
outburst. Therefore, she concluded that the reddening toward
V723 Cas is E(B −V) = 0.30± 0.05.
The reddening can be estimated by another method based
on the similarity of the three novae, HR Del, V723 Cas, and
V5558 Sgr. Figure 22(a) shows the B −V color evolution of
these three novae during the first 200 days, that is, in the
flat pre- and post-maximum phase. The positions of flaring
pulses are indicated by downward arrows. Figure 22(b) shows
HR Del dereddened with E(B − V ) = 0.15 (see Section 5.3).
We also plot the data for V723 Cas and V5558 Sgr shifted
upward by 0.35 and 0.70, respectively, to match their data
with those of HR Del. In our fitting process, we changed the
E(B −V) value by steps of 0.05, so the possible systematic er-
ror is 0.05. If the intrinsic colors (B −V )0 of these three very
slow novae are the same in the pre-maximum phase, E(B −V)
is about 0.35 for V723 Cas, which is consistent with the new
estimates by González-Riestra and the value in the dust map
on the NASA/IPAC web site.
Recently, Lyke & Campbell (2009) obtained a distance
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FIG. 24.— Distance-reddening relation toward V5558 Sgr. Blue thick
solid line flanked by blue thin solid lines denotes the distance-reddening
relation of (m − M)V = 13.9 ± 0.1. Four sets of data with error bars
show distance-reddening relations in four directions close to V5558 Sgr:
(l,b) = (11.◦5,+0.◦0) (red open squares), (11.◦75,+0.◦0) (green filled squares),
(11.◦5,+0.◦25) (blue asterisks), and (11.◦75,+0.◦25) (magenta open circles);
data are taken from Marshall et al. (2006). Vertical black solid line repre-
sents color excess E(B −V ) = 0.70.
of d = 3.85+0.23
−0.21 kpc to V723 Cas from the expansion par-
allax method. If we adopt this distance and reddening
E(B −V ) = 0.35, we obtain the distance modulus (m − M)V =
5log3850/10 + 3.1× 0.35 = 14.0, which is perfectly consis-
tent with Equation (11). Therefore, we use d = 3.85 kpc and
E(B −V) = 0.35 for V723 Cas.
Figure 23 shows the dereddened spectrum of V723 Cas
about 200 days after the outburst. The broadband spec-
trum can be reproduced by a combination of a blackbody
(TBB = 11,500 K) and free-free (Te = 11,500 K) emission, as
introduced in the previous section. The UBV magnitudes are
closely fitted with only a blackbody of TBB = 11,500 K and,
at the same time, are fitted with the spectrum of optically-thin
free-free emission (Fν ∝ ν0 or Fλ ∝ λ−2 represented by a red
thin solid line). Therefore, its position is close to point 0 in
the color-color diagram. We discuss the color-color evolution
of V723 Cas in Section 5.6 below.
5.5. V5558 Sgr 2007
V5558 Sgr was discovered by Sakurai (Nakano et al. 2007)
at mag 10.3 on UT 2007 April 14.777. Sakurai also reported
that nothing is visible on an image taken on UT April 9.8
(limiting mag 11.4). The star was also detected by Haseda
(Yamaoka et al. 2007) at mag 11.2 on UT April 11.792. Be-
cause the outburst day is not known, we adopted UT 2007
April 8.5 as the outburst day, i.e., tOB =JD 2454199.0. The
optical light curve and color evolution are shown in Figures
19, 20, 21, and 22.
We found in the literature two different estimates for the
reddening: one E(B−V ) = 0.36 was obtained by Munari et al.
FIG. 25.— Same as Figure 16, but for the pre-maximum phases of HR Del
(red filled circles) and V723 Cas (blue open circles). Large open square de-
notes stage 0 for the Fν ∝ ν0 optically-thin, free-free emission. Green ar-
rows indicate evolutionary paths of HR Del and V723 Cas. It seems that
both HR Del and V723 Cas started at stage 0 and then moved to 1, B, and 2.
We indicated the direction of reddening by a red arrow, the length of which
corresponds to E(B −V ) = 0.3.
(2007) from the Na I D lines, and the other E(B − V ) = 0.8
was obtained by Rudy et al. (2007) from the O I lines. Our
estimate in the previous subsection, E(B −V ) = 0.70, is con-
sistent with Rudy et al.’s value but much larger than Mu-
nari et al.’s. Because these two values are very different,
we further examine E(B −V ) from a different point of view.
In the previous subsections, we showed the similarity of the
absolute magnitudes of HR Del, V723 Cas, and PU Vul in
the pre-maximum phase (see Figure 19). Thus, we derived
(m − M)V,V5558 Sgr = 13.9, assuming that V5558 Sgr has the
same absolute magnitude in the pre-maximum phase. This
distance modulus was confirmed and calibrated using the sim-
ilarity of the light curves to that of RR Pic (see Equation
(11)). Using this distance modulus in the V band, we de-
rived a distance-reddening relation, i.e., (m−M)V = 13.9±0.1,
together with Equation (2). Figure 24 shows this distance-
reddening relation as a blue thick solid line flanked with two
blue thin solid lines, which correspond to ±0.1 mag error.
This figure also shows the distance-reddening relations
for four directions near V5558 Sgr, whose galactic coordi-
nates are (l,b) = (11.◦6107,+0.◦2067). The closest distance-
reddening relation, which is denoted by blue asterisks, crosses
the blue thick line at or near the vertical black solid straight
line of E(B − V ) = 0.70. Thus, we use E(B − V ) = 0.70 and
d = 2.2 kpc in this paper.
The distance to V5558 Sgr was also estimated by Poggiani
(2010). Using various MMRD relations, she obtained a
distance modulus of (m − M)V = 12.4–12.8, which is much
smaller than our value of (m − M)V = 13.9. This suggests that
the MMRD relations are problematic in calculating the abso-
lute magnitude of very slow novae such as V5558 Sgr.
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FIG. 26.— Same as Figure 25, but for the post-maximum phases of HR Del
(red filled circles) and V723 Cas (blue open circles).
5.6. Color-color Evolution of Very Slow Novae HR Del and
V723 Cas
Many authors have discussed the resemblance between
HR Del and V723 Cas in their light curves and spectral evolu-
tion (e.g., Friedjung & Iijima 2002; Evans et al. 2003). We
noted another resemblance in the color evolution of HR Del
and V723 Cas in the pre-maximum phase. Figure 25 depicts
the color-color evolution of V723 Cas (blue open circles) and
HR Del (red filled circles) in the pre-maximum phase. These
novae follow almost the same track as PU Vul (large, black,
open triangles). Unfortunately, no U-band data are available
for V5558 Sgr, but we expect that this nova also shows a sim-
ilar evolution in the color-color diagram.
The only difference with respect to PU Vul is that HR Del
and V723 Cas started their very early evolutions from point
0, which represents the position of optically-thin, free-free
emission. This is because they had optically-thin winds in
the very early phase of their outbursts. Iijima et al. (1998)
reported prominent emission lines of H I and Fe II with a P-
Cygni profile in an early stage of the pre-maximum phase of
V723 Cas. We regard this early pre-maximum phase with
winds as stage 0 (see Figure 25). Similar winds in the very
early pre-maximum phase were also reported for HR Del
(Rafanelli & Rosino 1978) and V5558 Sgr (Tanaka et al.
2011). Iijima et al. (1998) observed that the emission lines
of V723 Cas gradually weakened with time as absorption
components developed. Then, the pure absorption spec-
tra of F-type supergiants appeared near optical maximum.
Similar spectral features were also observed in HR Del
(Rafanelli & Rosino 1978) and V5558 Sgr (Tanaka et al.
2011). We regard this late, pre-maximum phase with virtually
no winds as stage 1, point B, and stage 2 (Figure 25). This is
consistent with our interpretation that the pre-maximum evo-
lution of V723 Cas is represented essentially by a static evo-
lution with virtually no wind mass loss, like that of in PU Vul.
Figure 26 shows the color-color diagram in the post-
maximum phase of V723 Cas and HR Del. In
Kato & Hachisu (2011), the nova entered the optically thick
wind phase after the transition from a static to a wind config-
uration, i.e., after the relaxation oscillation. V723 Cas moved
from stages 3 to 4 (near stage 0) after optical maximum (and
the relaxation oscillation). The position of stage 4 is close to
point 0 (optically-thin, free-free emission), because the wind
mass-loss rate is relatively small and the free-free emission
makes a small contribution to the UBV band region, as shown
in Figures 18 and 23. The blueward excursion in (B−V )0 from
stages 4 to 5 is mainly due to the effects of strong emission
lines, as already discussed in the previous section. In this way,
we found that V723 Cas evolved from stage 0 to stages 1, 2,
3, 4, and 5.
The evolution of HR Del is also plotted in Figures 25 and
26. It also started at stage 0 and moved to 1 and then went to a
midway point with respect to 2; it then returned to 3, jumped
up to 4 and finally moved to 5. Even in the post-maximum
phase, the color evolutions of HR Del, V723 Cas, and PU Vul
almost overlap each other (Figure 26). In PU Vul, the phase
from 3 to 4 corresponds to the epoch in which optically-thin
winds began to blow. In HR Del and V723 Cas, this phase
corresponds to the phase after the transition from a static to a
wind configuration. In much less massive WDs (∼ 0.6 M⊙),
optically-thick winds are relatively weak so the wind mass-
loss rate is not as large as in fast novae, as already described in
Section 3. As a result, these very slow novae evolve to point 4,
which is very close to point 0, which corresponds to optically-
thin, free-free emission. This is why the evolutionary paths
resemble that of PU Vul.
Figure 27 shows a schematic illustration of the evolution
of these very slow novae. In the very early stage of the pre-
maximum phase, optically-thin winds are accelerated because
the photospheric temperature is high. In very slow novae,
the rising phase lasts long enough to be spectroscopically ob-
served. This stage corresponds to stage 0 on the color-color
diagram (e.g., Figure 25) and in Figure 27(a). The position of
point 0 is defined by the spectrum of optically-thin free-free
emission (Fν ∝ ν0) but it happens to be close to the black-
body sequence. The spectra of slow novae at this early stage
are close to that of a blackbody in the UBV wavelength re-
gion because prominent emission lines of H I and Fe II dom-
inate and fill the Balmer jump so the resultant U − B color is
close to that of a blackbody. The emission lines gradually
weakened with time, and absorption components developed
as the photospheric temperature decreased. The optically-thin
winds virtually stop. The absorption spectra of F-type su-
pergiants appeared at this optical maximum stage. The nova
enters stages 1, 2, and then 3 in Figures 25, 26, and in Fig-
ure 27(b). During these stages, we directly observe the pho-
tospheric emission of an F-type supergiant. Therefore, the
nova evolves along the nova-giant sequence. After the tran-
sition from a static to a wind configuration, the nova entered
the wind phase, in which optically-thick winds are acceler-
ated and the mass-loss rate is much higher than in the early
rising phase. Then the position in the color-color diagram re-
turns again to the wind phase at point 4 slightly above point 0.
This stage is illustrated in Figure 27(c), and the spectrum of
V723 Cas is plotted in Figure 23. The spectrum in the UBV
region is very close to that of optically-thin free-free emission,
i.e., Fν ∝ ν0 or Fλ ∝ λ−2 (thin red line). The final excursion
from stages 4 to 5 is mainly due to the development of strong
emission lines in the nebula (winds), as discussed in the pre-
vious sections.
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FIG. 27.— Schematic illustration of envelope structures in very slow novae such as HR Del, V723 Cas, and V5558 Sgr. (a) Optically-thin winds blow in the
very early (rising) phase, which corresponds to stage 0 in Figure 25. The photospheric temperature is high enough to blow optically-thin winds in the rising phase
of the novae. Here the term “optically-thin wind” means that winds are accelerated outside the photosphere, i.e., in the optically-thin region. The WD envelope
is close to a static configuration, so the wind velocity is much higher than that of the photospheric expansion. (b) Emission lines gradually weaken with time,
and absorption components develop. The optically-thin winds virtually stop. Near optical maximum, the nova spectra resemble the absorption spectra of F-type
supergiants. We regard this phase as stage 1, 2, or 3. (c) After the transition from a static to a wind configuration, the nova entered the optically-thick wind
phase. Here the term “optically-thick wind” means that winds are accelerated deep inside the photosphere, i.e., in the optically-thick region. The position in the
color-color diagram returns again to the wind phase (stage 4 near stage 0). Final excursion from stage 4 to 5 is mainly due to the development of strong emission
lines.
In this way, these very slow novae follow essentially the
same path on the color-color diagram as that deduced from
FH Ser and other traditional novae. The small difference
comes from the difference in the wind mass-loss rates, that is,
optically-thin/thick winds (Figure 27). Thus, the color-color
evolutions are almost the same among these novae, because
the physics involved is the same.
6. ESTIMATES OF EXTINCTION TOWARD VARIOUS NOVAE
6.1. General Course of UBV Color-Color Evolution
We studied the color-color evolution of novae in the (B−V )0
- (U − B)0 diagram and showed that well-observed novae fol-
low very similar evolutionary courses in the intrinsic color-
color diagram. There are slight differences among them, and
we summarize these differences in Figure 28. Here, we spec-
ified four templates, (1) the moderately fast nova FH Ser,
a prototype of the nova-giant sequence, (2) the slow nova
PW Vul and the very fast nova V1500 Cyg, (3) the fast no-
vae V1668 Cyg and V1974 Cyg, and (4) the symbiotic nova
PU Vul and the very slow novae V723 Cas and HR Del. The
tracks are characterized by several specified points (A, B, C,
D, F, 0, 1, ..., 5, 4’, 5’, 4”, and 5”; see Table 1 for their values).
Figure 29(a) shows the templates of these eight well-observed
novae. It is again remarkable that these different types of no-
vae follow similar tracks in the color-color diagram. Because
these eight well-observed novae follow the templates in Fig-
ure 29(a), we expect that many other novae also follow the
same path. In other words, if all the novae follow this tem-
plate, we can determine the color excess of a target nova by
directly comparing its track in the color-color diagram with
our general track in Figure 29(a). This is a new method for
obtaining the color excesses of classical novae.
In this section, we determine the color excesses of various
novae using our general color-evolution tracks found in this
work. We collected as many novae from the literature as pos-
sible that have sufficient data points (usually more than 10).
We assume that all the novae follow the color-color evolu-
tion tracks in Figure 29(a). (Compare specifically one of the
tracks in Figure 28.) To obtain E(B−V ), we changed E(B−V )
by steps of 0.05 to fit the observed track of a target nova with
our general tracks in Figure 28. Thus, the possible error of
the resultant E(B − V ) is ±0.05. In what follows, we will
show our target 19 novae in the order of discovery. Their
color-color diagrams are summarized in Figures 29 — 33 and
the distance-reddening relations toward the target novae are
shown in Figures 34 — 37.
6.2. RS Oph 1958
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FIG. 28.— Typical templates for novae in the intrinsic (B − V )0 vs. (U − B)0 color-color diagram. (a) FH Ser, (b) PW Vul (blue/red) and V1500 Cyg
(green/magenta), (c) V1668 Cyg (blue/red) and V1974 Cyg (green/magenta), (d) PU Vul, HR Del, and V723 Cas. Various symbols and lines have the same
meanings as in Figures 4 and 17. Blue/green arrows show rising phase of novae; red/magenta arrows indicate declining phase. See text for more details.
RS Oph is a recurrent nova with six recorded outbursts,
in 1898, 1933, 1958, 1967, 1985, and 2006. We plot the V
light curve, (B −V )0 and (U − B)0 color evolution of RS Oph
outbursts in the Appendix (Figure 42) and the color-color
evolution of the 1958 outburst in Figure 29(b), where the
UBV data are taken from Connelley & Sandage (1970). We
obtained E(B − V ) = 0.65± 0.05 by fitting. This value is
roughly consistent with those obtained by Snijders (1987),
i.e., E(B −V ) = 0.73±0.06 from the He II line ratio of 1640Å
and 3203Å, and E(B−V ) = 0.73±0.10 from the 2715Å inter-
stellar dust absorption feature.
We examine the distance-reddening relation using the
data given by Marshall et al. (2006) as shown in Figure
34(a). The galactic coordinates of RS Oph are (l,b) =
(19.◦7995,+10.◦3721). In the figure, we plot two relations
in the direction close to RS Oph. These two different di-
rections are (l,b) = (19.◦75,10.◦00) (red open squares) and
(20.◦0,10.◦00) (green filled squares), both with error bars.
Here we also plot the distance modulus of RS Oph, (m−M)V =
12.8 (blue solid line), which was calculated using the time-
stretching method in the Appendix (Figure 42). We also ob-
tained another distance-reddening relation by UV 1455Å fit-
ting (magenta solid line) in Figure 34(a).
In Figure 34(a), four trends, E(B −V ) = 0.65 (vertical black
solid line), (m − M)V = 12.8 (blue solid line), UV 1455Å fit-
ting (magenta solid line), and distance-reddening relation of
Marshall et al. (2006), consistently cross at E(B −V ) ∼ 0.65
and d ∼ 1.4 kpc. If we adopt d ∼ 1.4 kpc, the galactic
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FIG. 29.— Same as Figure 8, but for (a) typical templates of tracks, (b) RS Oph 1958, (c) V446 Her 1960, and (d) V533 Her 1963. Green lines with an
arrow indicate several general tracks of nova color-color evolution, as shown in Figure 28. We obtained the following color excesses for these three novae: (b)
E(B −V ) = 0.65 for RS Oph, (c) E(B −V ) = 0.40 for V446 Her, and (d) E(B −V ) = 0.05 for V533 Her. The UBV data are taken from the literature as noted in
each figure.
height of RS Oph is z∼ 260 pc, much above the scale height
of the galactic matter distribution (∼ 125 pc, Marshall et al.
2006). The NASA/IPAC galactic dust absorption map gives
E(B−V ) = 0.64±0.03 in the direction toward RS Oph, which
is also consistent with our value of E(B −V) = 0.65± 0.05 if
circumstellar absorption is negligible.
6.3. V446 Her 1960
V446 Her was discovered by Olaf Hassel at fifth magnitude
on UT 1960 March 7, a few days past maximum (Cragg 1960;
Mayall 1963). We plot the V light curve, (B−V)0 and (U −B)0
color evolution of V446 Her in the Appendix (Figure 42). Its
maximum magnitude was mV ∼ 2.75 (Mayall 1963; Cohen
1985). Then it rapidly and smoothly declined with t2 = 5 days
(e.g., Cohen 1985) and t3 = 16 days (e.g., Duerbeck 1981).
We plot the color-color evolution of V446 Her in Figure 29(c),
where the UBV data are taken mainly from Ross (1960) and
Bronkalla & Notni (1961). These observations started after
the nova had already decayed to mV = 5.5, so we missed the
early evolution of this nova. We also add three data points
(magenta open circles) from IAU Circular No. 1730, which
start at about 2.5 mag below the maximum. The observed
color evolution started from point 4’ (or point F) and reached
point 5’, as shown in Figure 29(c). We obtained a redden-
ing of E(B − V) = 0.40± 0.05 mainly from the data of Ross
(1960), because their data follow the track from point 4’ to 5’.
The color evolution is very similar to that of PW Vul.
The reddening toward V446 Her was determined to
be E(B − V ) = 0.45 ± 0.1 from the galactic absorp-
tion (Bronkalla & Notni 1961), E(B − V ) = AV/3.1 =
(1.7± 0.5)/3.1 = 0.55± 0.15 from the galactic absorption
(Duerbeck 1981), E(B − V ) = AV/3.1 = (1.44± 0.12)/3.1 =
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FIG. 30.— Same as Figure 29, but for (a) T Pyx 1966, (b) LV Vul 1968#1, where we add loci of V1500 Cyg (thin red solid lines) only for the very early phase,
(c) IV Cep 1971, and (d) NQ Vul 1976.
0.46 ± 0.04 from the value at the stabilization stage
(Miroshnichenko 1988), E(B − V ) = AV/3.1 = 1.12/3.2 =
0.35 from the 2200Å feature (Gilmozzi et al. 1994), E(B −
V ) = 0.25 from the depth of the interstellar bump at 2175Å
(Selvelli 2004). These reddening estimates range from 0.25
to 0.55 and we obtained a simple average of E(B − V ) =
0.41± 0.15, which is consistent with our value.
We further analyzed the distance-reddening relation based
on the data given by Marshall et al. (2006), as shown in Fig-
ure 34(b). The galactic coordinates of V446 Her are (l,b) =
(45.◦4092,+4.◦7075). In the figure, we plot four relations in
directions close to V446 Her: (l,b) = (45.◦25,4.◦50) (red open
squares), (45.◦50,4.◦50) (green filled squares), (45.◦25,4.◦75)
(blue asterisks), and (45.◦50,4.◦75) (magenta open circles), all
with error bars. The last magenta open circles correspond
to the closest direction. We also plot the distance modu-
lus of V446 Her, (m − M)V = 11.7 (blue solid line), which
was calculated using the time-stretching method in the Ap-
pendix (Figure 42). Three trends, E(B − V ) = 0.40 (vertical
black solid line), (m − M)V = 11.7 (blue solid line), and the
distance-reddening relation of Marshall et al. (2006), consis-
tently cross at E(B −V)∼ 0.40 and d ∼ 1.2 kpc.
6.4. V533 Her 1963
V533 Her was discovered by Leslie Peltier at fourth magni-
tude on UT 1963 February 6 (Mayall 1963; van Genderen
1963). We plot the V light curve, and the (B − V )0 and
(U − B)0 color evolution of V533 Her in the Appendix (Fig-
ure 41). It reached third magnitude at maximum on UT
January 31 (Mayall 1963; van Genderen 1963). Then it
gradually declined with t2 = 22 days and t3 = 46 days (e.g.,
Downes & Duerbeck 2000). We plot the color-color evo-
lution of V533 Her in Figure 29(d), where the UBV data
are taken from van Genderen (1963), Chincarini (1964) and
Shen et al. (1964). These three observations started after the
nova had already decayed to mV ∼ 4.8, so we missed its early
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FIG. 31.— Same as Figure 29, but for (a) V1370 Aql 1982, (b) GQ Mus 1983, (c) QU Vul 1984#2, and (d) OS And 1986.
evolution. The observed color evolution started at point 4’
(near point F) and reached point 5’, as shown in Figure 29(d).
We obtained a reddening value of E(B − V ) = 0.05± 0.05,
mainly from the early phase data of Shen et al. (1964), be-
cause these data (magenta open diamonds) follow the track
from point 4’ to 5’.
The reddening toward V533 Her was determined to be
E(B − V ) ∼ 0.0 (Verbunt 1987), E(B − V ) = AV/3.1 ∼ 0.0
(Gilmozzi et al. 1994), both from the 2200Å feature, and
E(B − V ) = AV/3.1 = 0.16/3.1 ∼ 0.05 from the value at the
stabilization stage (Miroshnichenko 1988). The NASA/IPAC
galactic dust absorption map gives E(B −V ) = 0.038± 0.002
in the direction toward V533 Her, whose galactic coordinates
are (l,b) = (69.◦1887,+24.◦2733). Our value of E(B − V ) =
0.05± 0.05 is consistent with these estimates.
6.5. T Pyx 1966
T Pyx is a recurrent nova with known outbursts in 1890,
1902, 1920, 1944, 1966, and 2011. We plot the color evo-
lution of the 1966 outburst in Figure 30(a), the UBV data
of which are taken from Landolt (1970) and Eggen et al.
(1967). We obtained E(B − V ) = 0.25 ± 0.05 by fitting.
Gilmozzi & Selvelli (2007) also obtained E(B −V ) = 0.25±
0.02 from the 2175Å interstellar absorption feature in the IUE
spectra of T Pyx, which is consistent with our estimate.
The galactic coordinates of T Pyx are (l,b) =
(257.◦2072,+9.◦7067). If we assume a distance of ∼ 4.8 kpc
(Sokoloski et al. 2013), its galactic height is z ∼ 800 pc,
which is much above the galactic matter distribution of
∼ 125 pc. The NASA/IPAC galactic dust absorption
map gives E(B − V ) = 0.24± 0.01 in the direction toward
T Pyx. This value is consistent with our estimate of
E(B − V ) = 0.25± 0.05 but inconsistent with the value of
E(B−V) = 0.5±0.1 recently estimated by Shore et al. (2011)
from the diffuse interstellar band (DIB) features of the 2011
outburst. We think that there is a large scatter in the E(B −V)
versus Wλ (5780Å) relation near Wλ = 300mÅ that Shore et
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FIG. 32.— Same as Figure 29, but for (a) QV Vul 1987, (b) V443 Sct 1989, (c) V1419 Aql 1993, and (d) V705 Cas 1993.
al. used, where Wλ(5780Å) is the equivalent width of the
5780Å DIB in units of mÅ (see Figure 4 of Friedman et al.
2011). Therefore, we consider that this empirical relation for
the 5780Å DIB does not accurately determine the individual
extinctions at least for a range of E(B −V) = 0.2–0.8.
6.6. LV Vul 1968 No.1
LV Vul was discovered by Alcock (1968) on UT 1968
April 15. We plot the V light curve and the (B − V )0 and
(U − B)0 colors of LV Vul in the Appendix (Figure 44). It
reached its optical maximum at mV = 4.7 on April 17. LV Vul
has t2 = 20.2 days and t3 = 37 days (Tempesti 1972) so it
belongs to the class of fast novae. Andrillat et al. (1986)
took a spectrum at the pre-maximum phase that showed an
F-type spectrum. Therefore, we expect that the early color
evolution of LV Vul follows the nova-giant sequence in the
color-color diagram. Figure 30(b) shows the color-color evo-
lution, where the UBV data are taken from Abuladze (1969),
Dorschner et al. (1969), and Fernie (1969). The color-color
evolution of LV Vul resembles those of V1500 Cyg and
V1668 Cyg. We obtained E(B −V) = 0.60± 0.05 by fitting.
Fernie (1969) determined the reddening toward LV Vul
to be E(B − V ) = 0.6± 0.2 from the color excesses of 14
B stars near the line of sight, which is consistent with
our value. Tempesti (1972) obtained E(B − V ) = 0.55
from the color at optical maximum; i.e., E(B − V ) = (B −
V )max − (B − V )0,max = 0.9 − 0.35 = 0.55. He adopted (B −
V )0,max = +0.35 (Schmidt 1957) instead of (B − V )0,max =
+0.23 (van den Bergh & Younger 1987).
Using E(B − V ) = 0.60 together with the distance modu-
lus (m − M)V,LV Vul = 11.9 calculated by the time-stretching
method in the Appendix (Equation (A7)), we obtain a dis-
tance of d = 1.0 kpc. This is consistent with the value of
d = 0.92± 0.08 kpc obtained by Slavin et al. (1995) by the
expansion parallax method. We compare our results with
the distance-reddening relation proposed by Marshall et al.
(2006) as shown in Figure 34(c). Four distance-reddening
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FIG. 33.— Same as Figure 29, but for (a) V382 Vel 1999, (b) V2274 Cyg 2001#1, (c) V475 Sct 2003, and (d) V5114 Sgr 2004.
relations are plotted: toward (l,b) = (63.◦25,0.◦75) (red open
squares), toward (l,b) = (63.◦50,0.◦75) (green filled squares),
toward (l,b) = (63.◦25,1.◦00) (blue asterisks), toward (l,b) =
(63.◦50,1.◦00) (magenta open circles). The closest direction
is that denoted by red open squares because the galactic coor-
dinates of LV Vul are (l,b) = (63.◦3030,+0.◦8464). Marshall
et al.’s relation gives d ∼ 3.0 kpc at E(B − V ) = 0.60. This
is not consistent with our estimate of d = 1.0 kpc. On the
other hand, Downes & Duerbeck (2000) obtained E(B −V ) =
0.56± 0.14 = AV/3.1 = (1.75± 0.42)/3.1 using the galactic
extinction model of Hakkila et al. (1997). Thus, we plot
the distance-reddening relation calculated using the model of
Hakkila et al. (1997), as shown in Figure 34(c) (black open
triangles). This model is consistent with our estimate.
6.7. IV Cep 1971
IV Cep was discovered by Kuwano on UT 1971 July
10 with mv = 8.0 (Kuwano et al. 1971) a few days after
its optical maximum of mV,max = 7.5 (e.g., Sato et al. 1973;
Rosino 1975). The V light curve and the (B − V )0 and
(U − B)0 color evolution of IV Cep are shown in the Ap-
pendix (Figures 44, 46, and 47), and the color-color evolu-
tion is plotted in Figure 30(c), where the UBV data are taken
from MacConnell & Thomas (1972) (red filled circles) and
Kohoutek & Klawitter (1973) (open blue circles). We ob-
tained E(B − V ) = 0.70± 0.05 by fitting the cluster of red
points with point F (or point 4”). All the UBV data were
obtained after the optical maximum, so the nova had al-
ready reached point 4” (near point F) in Figure 28(c). It
then moved gradually leftward, like V1974 Cyg, owing to
the effects of emission lines. If we use the distance modulus
of (m − M)V = 14.7 calculated by the time-stretching method
in the Appendix (Equation (A9)), we obtain a distance of
d = 3.2 kpc.
The reddening toward IV Cep was estimated to be E(B −
V ) = 0.8 (Sato et al. 1973) from the interstellar absorption in
the Cepheus region, and E(B −V ) = AV/3.1 = 1.8/3.1 = 0.58
(Thomas et al. 1973) and E(B−V ) = AV/3.1 = 1.7/3.1 = 0.55
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FIG. 34.— Same as Figure 3, but for (a) RS Oph, (b) V446 Her, (c) LV Vul, and (d)IV Cep. Blue solid lines indicate relations (a) (m − M)V = −5 + 3.1E(B −
V ) + 5 log d = 12.8, (b) (m − M)V = 11.7,(c) (m − M)V = 11.9, where black open triangles indicate the galactic extinction model of Hakkila et al. (1997), and (d)
(m − M)V = 14.7. Magenta solid line in (a) denotes the distance-reddening relation of UV 1455Å fitting calculated in the Appendix (Figure 42).
(Kohoutek & Klawitter 1973), both from the absorption–
distance relation given by Neckel (1967). We reanalyzed
the data using a new distance-reddening relation given by
Marshall et al. (2006), as shown in Figure 34(d). We
plot four relations in directions close to IV Cep, (l,b) =
(99.◦6137,−1.◦6381): (l,b) = (99.◦5,−1.◦5) (red open squares),
(99.◦75,−1.◦5) (green filled squares), (99.◦5,−1.◦75) (blue as-
terisks), and (99.◦75,−1.◦75) (magenta open circles). The
closest direction is that denoted by red open squares. The
two trends, i.e., the distance modulus of (m − M)V = 14.7
(blue thick solid line) and the distance-reddening relation
denoted by red open circles, cross consistently at or near
E(B −V )≈ 0.70 and d ≈ 3.2 kpc. This supports our estimate
of E(B −V) = 0.70± 0.05 from the general tracks.
6.8. NQ Vul 1976
NQ Vul was discovered by G. E. D. Alcock
(Milbourn et al. 1976) on UT 1976 October 21.7 near
optical maximum (Milbourn et al. 1976). It then rose to
mV ≈ 6.0 at maximum on UT November 2. We plot the V
light curve and the (B − V )0 and (U − B)0 color evolution
of NQ Vul in the Appendix (Figures 43 and 48), where
the UBV data are taken from Yamashita et al. (1977),
Landolt (1977), Chambliss (1977), and Duerbeck & Seitter
(1979). We also plot the V and visual magnitudes taken from
di Paolantonio & Patriarca (1978) and the archive of the
American Association of Variable Star Observers (AAVSO),
respectively. The V magnitude of Yamashita et al. (1977)
is systematically brighter by 0.2 mag than the other data, so
we shifted them down by 0.2 mag. In addition the B −V and
U − B colors of Yamashita et al. (1977) are systematically
bluer by 0.05 and 0.2 mag, respectively, than the other
data. Therefore, we shift them down by 0.05 and 0.2 mag,
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FIG. 35.— Same as Figure 34, but for (a) NQ Vul, (b) V1370 Aql, (c) GQ Mus, and (d) PW Vul. Blue solid lines indicate relations (a) (m − M)V = 13.6, (b)
(m − M)V = 15.2, (c) (m − M)V = 15.7, and (d) (m − M)V = 13.0. Magenta solid lines in (c) and (d) denote distance-reddening relations of UV 1455Å fitting for
GQ Mus and PW Vul, respectively, calculated in the Appendix (Figure 50).
respectively. Figure 30(d) shows the color-color evolution
of NQ Vul. We obtained E(B − V ) = 1.00± 0.05 by fitting,
mainly from Chambliss’ data because they have less scatter.
The overall distribution of the observational data points is
in reasonable agreement with our general tracks in the color-
color diagram. Yamashita et al. (1977) wrote that the absorp-
tion spectrum on October 22 closely resembled those of F5Ia
supergiants. This suggests that the early data follow the nova-
giant sequence, at least in the pre-maximum phase. The color-
color data of NQ Vul in Figure 30(d) start from near point 2,
i.e., (B − V )0 ≈ +0.4, and then run along the nova-giant se-
quence up to near point D and remain there for a while. The
nova then darkened suddenly owing to dust formation, and we
stop following the color evolution.
Using E(B − V ) = 1.00 and the distance modulus of (m −
M)V = 13.6 calculated in the Appendix (Equation (A6)), we
obtain a distance of d = 1.25 kpc to NQ Vul. The distance
to NQ Vul was estimated by Downes & Duerbeck (2000) to
be d = 1.16 kpc from an expansion parallax method, which is
consistent with our estimate.
The following values for reddening toward NQ Vul were
obtained, in increasing order of E(B−V ): E(B−V ) = 0.7±0.2
(Younger 1980) from the equivalent width of the interstellar
band at 6614Å, E(B −V) = 0.8 (Yamashita et al. 1977) from
the color of spectral type F5Ia on October 22, E(B−V) = 0.9±
0.3 (Martin & Maza 1977) from the interstellar polarization,
and E(B −V ) = 1.2± 0.2 (Carney 1977) from the interstellar
CH and CH+ equivalent widths. The simple arithmetic mean
of these values is E(B − V ) = 0.9± 0.2, which is consistent
with our value of E(B −V) = 1.00± 0.05.
The galactic coordinates of NQ Vul are (l,b) =
(55.◦3549,+1.◦2904). We plot the distance-reddening relation
toward NQ Vul in Figure 35(a), the data for which are taken
from Marshall et al. (2006). The data show four directions:
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FIG. 36.— Same as Figure 34, but for (a) QU Vul, (b) QV Vul, (c) V443 Sct, and (d) V1419 Aql. Blue solid lines indicate relations (a) (m − M)V = 13.5, (b)
(m − M)V = 14.0, (c) (m − M)V = 15.5, and (d) (m − M)V = 14.6. Magenta solid line in (a) denotes distance-reddening relation of UV 1455Å fitting for QU Vul
calculated in the Appendix (Figure 50).
(55.◦25,1.◦25) (red open squares), (55.◦50,1.◦25) (green filled
squares), (55.◦25,1.◦50) (blue asterisks), (55.◦50,1.◦50) (ma-
genta open circles). Our estimates of E(B −V) = 1.00± 0.05
and a distance of d ∼ 1.25 kpc are roughly consistent with
Marshall et al.’s distance-reddening relation.
6.9. V1370 Aql 1982
V1370 Aql was discovered by Honda on UT 1982 January
27.85 at about 6–7 mag (Kosai et al. 1982). The V light and
(B −V )0 and (U − B)0 color curves of V1370 Aql are plotted
in the Appendix (Figure 49). It rapidly decayed to mV = 11.2
on UT April 2 and entered a shallow dust blackout phase (e.g.,
Rosino et al. 1983). Then it came back to the usual decline of
classical novae about 90 days after the outburst. We plot the
color-color evolution of V1370 Aql in Figure 31(a), where the
UBV data are taken from Okazaki & Yamasaki (1986) and
IAU Circular No. 3689. Only a few observational points are
available, but we were able to obtain a reddening of E(B−V) =
0.35± 0.05. The novae stayed at or around point F (or point
4’ or point 4”), as shown in Figure 31(a).
The following values of the reddening toward V1370 Aql
were obtained: E(B −V) = 0.55± 0.15 (Snijders et al. 1982)
from the 2175Å feature, E(B − V ) = AV/3.1 ∼ 3.0/3.1 ∼
1.0 (Williams & Longmore 1984) from the assumed spec-
tral type of O8–9 and from the nearby cluster NGC 6755
(l = 38.◦6,b = −1.◦7). These two values are much larger than
our estimate of E(B −V) = 0.35± 0.05.
Figure 35(b) shows the distance-reddening relation to-
ward V1370 Aql, whose galactic coordinates are (l,b) =
(38.◦8126,−5.◦9465). Here we plot four nearby directions us-
ing data from Marshall et al. (2006): (l,b) = (38.◦75,−5.◦75)
(red open squares), (39.◦00,−5.◦75) (green filled squares),
(38.◦75,−6.◦00) (blue asterisks), and (39.◦00,−6.◦00) (magenta
open circles). The closest one is that denoted by blue aster-
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FIG. 37.— Same as Figure 34, but for (a) V382 Vel, (b) V2274 Cyg, (c) V475 Sct, and (d) V5114 Sgr. Blue solid lines indicate distance-reddening relations
(a) (m − M)V = 11.4, (b) (m − M)V = 18.7, (c) (m − M)V = 15.6, and (d) (m − M)V = 16.5.
isks. We also plot the distance-reddening relation based on the
distance modulus of (m − M)V = 15.2 (blue thick solid line),
which is calculated by the time-stretching method in the Ap-
pendix (Equation(A12)). Our estimate of E(B − V) = 0.35 is
consistent with the distance-reddening relation, which gives a
set of d ∼ 6.7 kpc and E(B −V ) ≈ 0.35 for V1370 Aql. The
NASA/IPAC galactic dust absorption map gives E(B − V ) =
0.41± 0.02 in the direction toward V1370 Aql, which is also
consistent with our estimate.
6.10. GQ Mus 1983
GQ Mus is a fast nova with t2 ∼ 17 days (Warner 1995).
Although its peak was missed, Krautter et al. (1984) esti-
mated the peak brightness to be mV,max ≈ 7.0 (or mV,max <
7.3). In this paper, we adopt mV,max ≈ 7.2 after Hachisu et al.
(2008). We plot the V light curve and (B − V )0 and (U −
B)0 color evolution in the Appendix (Figure 50). The
UBV data for GQ Mus are taken from Budding (1983)
and Whitelock et al. (1984) whereas the visual (or V ) data
are from the Fine Error Sensor monitor on board IUE and
the visual photometric data collected by the Royal Astro-
nomical Society of New Zealand and by the AAVSO (see
Hachisu et al. 2008, for more details).
We plot the color-color diagram of GQ Mus in Figure 31(b).
It seems that these data started a few days after optical maxi-
mum (e.g., Hachisu et al. 2008) and its color-color evolution
is consistent with the path from point 4 to point 5. We adopted
E(B −V ) = 0.45± 0.05 by fitting our general tracks to that of
GQ Mus.
The color excess of GQ Mus was also determined to
be E(B −V ) = 0.43 (de Freitas Pacheco & Codina 1985) and
E(B − V ) = 0.50± 0.05 (Péquignot et al. 1993) both from
the hydrogen Balmer lines. Similar values were reported by
Krautter et al. (1984) and Hassall et al. (1990), who found
E(B−V ) = 0.45 and 0.50, respectively, on the basis of the 2175
Å feature in the early IUE spectra. Hachisu et al. (2008) ob-
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TABLE 2
EXTINCTIONS AND DISTANCES OF SELECTED NOVAE
Object Year Presenta V&Y(1987)b M(1988)c Present
E(B −V ) E(B −V ) E(B −V) (m − M)V
OS And 1986 0.15 (0.21/0.27)d (0.34)e 14.7
V1370 Aql 1982 0.35 · · · · · · 15.2
V1419 Aql 1993 0.50 (0.5/0.6) (0.62) 14.6
V705 Cas 1993 0.45 (0.33/0.36) (0.43) 13.4
V723 Cas 1995 0.35 (0.48/−) (0.57) 14.0
IV Cep 1971 0.70 0.66 0.75 14.7
V1500 Cyg 1975 0.45 0.37 0.47 12.3
V1668 Cyg 1978 0.35 0.31 0.36 14.25
V1974 Cyg 1992 0.30 (0.17/0.27) (0.35) 12.2
V2274 Cyg 2001#1 1.35 · · · · · · 18.7
HR Del 1967 0.15 (0.24/−) (0.24) 10.4
V446 Her 1960 0.40 0.27 0.46 11.7
V533 Her 1963 0.05 0.0 0.05 11.1
GQ Mus 1983 0.45 (−/0.37) 0.42 15.7
RS Oph 1958 0.65 (0.67/0.65) (0.75) 12.8
T Pyx 1966 0.25 (0.16/0.20) (0.33) 13.8
V443 Sct 1989 0.40 (−/0.25) · · · 15.5
V475 Sct 2003 0.55 (0.71/0.47) (0.72) 15.6
FH Ser 1970 0.60 0.61 0.79 11.7
V5114 Sgr 2004 0.45 (0.43/0.40) (0.55) 16.5
V5558 Sgr 2007 0.70 (0.63/−) (0.83) 13.9
V382 Vel 1999 0.15 (0.08/−) · · · 11.4
LV Vul 1968#1 0.60 0.58 0.70 11.9
NQ Vul 1976 1.00 1.0 1.2 13.6
PU Vul 1979 0.30 (0.52/0.29) (0.55) 14.3
PW Vul 1984#1 0.55 0.39 0.51 13.0
QU Vul 1984#2 0.55 (−/0.42) · · · 13.5
QV Vul 1987 0.60 (1.0/0.70) (0.75) 14.0
a Estimated from color-color diagram fit.
b Taken from van den Bergh & Younger (1987).
c Taken from Miroshnichenko (1988).
d Parentheses indicate values of E(B −V ) estimated by other authors from intrinsic colors
at maximum/t2-time proposed by van den Bergh & Younger (1987). See Section 7.2 for
details.
e Parentheses indicate values estimated by other authors using the method proposed by
Miroshnichenko (1988). See Section 7.1 for details.
tained E(B−V ) = 0.55±0.05 on the basis of the 2175Å feature
and various line ratios. These estimates are all consistent with
our estimate of E(B −V) = 0.45± 0.05.
Its distance was estimated to be d ∼ 5 kpc by Krautter et al.
(1984), Whitelock et al. (1984), and Hachisu et al. (2008).
Using E(B−V) = 0.45 and the distance modulus of (m−M)V =
15.7 calculated from the time-stretching method in the Ap-
pendix (Equation(A13)), we obtained a distance to GQ Mus
of 7.3 kpc. The galactic coordinates of GQ Mus are (l,b) =
(297.◦2118,−4.◦9959). Thus, its height is z ∼ −630 pc below
the galactic plane, which is much larger than the scale hight
∼ 125 pc of the galactic matter distribution. The NASA/IPAC
galactic dust absorption map gives E(B −V ) = 0.42± 0.01 in
the direction toward GQ Mus, which is consistent with our es-
timated value. We also obtained another distance-reddening
relation by UV 1455Å fitting (magenta solid line) in Figure
35(c), which is calculated in the Appendix (Figure 50(a)).
We also plot four distance-reddening relations close to
GQ Mus, as shown in Figure 35(c), the data for which are
taken from Marshall et al. (2006): (l,b) = (297.◦00,−4.◦75)
(red open squares), (297.◦25,−4.◦75) (green filled squares),
(297.◦00,−5.◦00) (blue asterisks), and (297.◦25,−5.◦00) (ma-
genta open circles). The closest one is that denoted by ma-
genta open circles. Four trends, E(B−V ) = 0.45 (vertical black
solid line), (m − M)V = 15.7 (blue solid line), UV 1455Å fit-
ting (magenta solid line), and distance-reddening relation of
Marshall et al. (2006), consistently cross at E(B −V) ∼ 0.45
and d ∼ 7.3 kpc.
6.11. QU Vul 1984 No.2
QU Vul was discovered by Collins on UT 1984 Decem-
ber 22.13 at about 6.8 mag (Collins et al. 1984). We plot
the V light curve and (B − V )0 and (U − B)0 color evolution
in the Appendix (Figure 50). The UBV data for QU Vul
are taken from IAU Circular No. 4033, Kolotilov (1988),
Bergner et al. (1988), Rosino et al. (1992), and the AAVSO
archive. It rose to mV ≈ 5.5 at maximum on UT Decem-
ber 27 (e.g., Rosino et al. 1992). Then it gradually declined
with t2 = 22 days and t3 = 49 days (e.g., Downes & Duerbeck
2000). The nova is a fast neon nova (Gehrz et al. 1985).
Figure 31(c) shows the color-color evolution of QU Vul.
The color evolution started near point F (or point 4”) and then
moved leftward to point 5”. We obtained E(B − V) = 0.55±
0.05 by fitting.
The following values were obtained for the redden-
ing toward QU Vul: E(B − V ) = AV/3.1 ∼ 1.0/3.1 = 0.3
(Gehrz et al. 1986) from the galactic absorption toward b =
−6◦; E(B −V) = 0.5 (Rosino et al. 1992) from the difference
between the F2–F5 spectral types of the nova at maximum,
which correspond to (B − V )0 = 0.35 and the observed one
B − V = 0.8; and E(B − V ) = 0.61± 0.1 (Saizar et al. 1992)
from the He II 1640/4686Å ratio in the nebular phase and
from the 2200Å UV spectral feature. della Valle et al. (1997)
adopted E(B −V) = AV/3.1∼ 1.7/3.1 = 0.55 for dereddening
the spectra. Schwarz (2002) used Saizar et al.’s E(B − V ) =
0.61 for obtaining UV fluxes that were consistent with the
optical fluxes. These values are roughly consistent with our
estimate of E(B −V) = 0.55± 0.05.
To further examine the reddening, we plot the distance-
reddening relation toward QU Vul in Figure 36(a). The galac-
tic coordinates of QU Vul are (l,b) = (68.◦5108,−6.◦0263).
Here we plot four nearby directions using data from
Marshall et al. (2006): (l,b) = (68.◦50,−6.◦00) (red
open squares), (68.◦75,−6.◦00) (green filled squares),
(68.◦50,−6.◦25) (blue asterisks), and (68.◦75,−6.◦25) (ma-
genta open circles). The closest one is that denoted by red
open squares.
We also plot the distance-reddening relation of (m − M)V =
13.5 (blue thick solid line in Figure 36(a)) calculated from
the time-stretching method in the Appendix (Figure 50). We
obtained another distance-reddening relation by UV 1455Å
fitting (magenta solid line in Figure 36(a)), which is calculated
in the Appendix (Figure 50(a)).
Four trends, E(B − V ) = 0.55 (vertical black solid line),
(m − M)V = 13.5 (blue solid line), UV 1455Å fitting (magenta
solid line), and distance-reddening relation of Marshall et al.
(2006), consistently cross at E(B −V )∼ 0.55 and d ∼ 2.3 kpc
in Figure 36(a). The NASA/IPAC galactic dust absorption
map gives E(B − V ) = 0.55± 0.03 in the direction toward
QU Vul, which is also consistent with our estimate.
6.12. OS And 1986
OS And was discovered on UT 1986 December 5.44 at
about 8.0 mag (Beckmann & Collins 1987). The V and
UV 1455Å light curves are plotted in Figure 11 with those
of V1668 Cyg. The V light curve and the (B − V )0 and
(U − B)0 color evolution are plotted in the Appendix (Fig-
ure 49). The optical maximum of mV,max = 6.2 was reached
on UT December 7.5±1.0 (Kikuchi et al. 1988). Then it
gradually decayed with t3 ∼ 20 days, followed by a sudden
drop by ∼ 1.5 mag about 30 days after discovery because
of dust formation (Kikuchi et al. 1988). Here we adopted
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FIG. 38.— Same as Figure 12, but for OS And. Two distance-reddening
relations are plotted: one is calculated from the UV 1455Å flux fit (blue
solid line), and the other is the optical V fit with our free-free emission model
light curve of the 1.0 M⊙ WD in Figure 11. We also plot the extinction
estimate from the dust-map calculated on NASA/IPAC web site (magenta
solid line flanked by dashed lines). These three trends cross at d ≈ 7.0 kpc
and E(B −V )≈ 0.15.
the UBV data from Kikuchi et al. (1988); IAU Circular Nos.
4306, 4342, and 4452; and Ohmori & Kaga (1987). Be-
cause Ohmori & Kaga (1987) gave only the differences be-
tween OS And and the comparison star 7 And, we used the
UBV magnitudes of 7 And given by Harmanec et al. (1994)
and obtained the UBV magnitudes of OS And. Kikuchi et
al.’s UBV data were converted from the magnitudes of sev-
eral narrower bands, and they could differ greatly from the
true UBV magnitudes when emission lines contribute strongly
to the UBV bands. We compared Kikuchi et al.’s (red filled
circles) and Ohmori & Kaga’s (red open triangles) data with
the other B − V and U − B colors taken from IAU Circulars
Nos. 4282, 4293, 4306, 4342, and 4452 (red open diamonds),
and we shifted Kikuchi et al.’s data by ∆(B −V ) = −0.1 and
∆(U − B) = −0.15, and Ohmori & Kaga’s data by ∆(B −V ) =
0.2 and ∆(U − B) = −0.15 in this study.
We plot the color-color diagram of OS And in Figure 31(d).
The small number of data points prevents us from confidently
estimating the color excess using our general tracks. There-
fore, we determined the color excess by other methods.
The reddening toward OS And was estimated as E(B−V ) =
0.26± 0.04 (Kikuchi et al. 1988) from (B −V )0,t2 = −0.02±
0.04 together with (B − V )t2 = 0.24± 0.02, and E(B − V ) =
0.25± 0.05 (Schwarz et al. 1997) from an average of four
values based on four empirical relations, i.e., E(B −V) = 0.27
from (B − V )0,t2 = −0.02± 0.04 (van den Bergh & Younger
1987), E(B −V ) = 0.21 from (B −V )0,max = 0.2 (Allen 1973)
together with (B −V )max = +0.41, E(B −V ) = 0.34 from (B −
V )0,ss = −0.11 at the stabilization stage (Miroshnichenko
1988), and E(B − V ) = 0.24 from the extinction map toward
OS And.
On the other hand, the recent NASA/IPAC galactic dust
absorption map gives E(B − V ) = 0.15± 0.01 in the direc-
tion toward OS And, whose galactic coordinates are (l,b) =
(106.◦0514,−12.◦1173). This value is not consistent with the
above estimates but is somewhat smaller.
It has been noted that OS And is similar to V1668 Cyg ex-
cept for the depth of the dust blackout. Thus, we plot light
curves of these two novae in Figure 11 with the free-free emis-
sion model light curves taken from Hachisu & Kato (2010).
This figure also shows the UV 1455Å light curves correspond-
ing to each optical light curve model. The 1.0 M⊙ WD (red
solid line) model shows the best fit with both the optical and
IUE UV 1455Å fluxes of OS And. Here, we assumed a chem-
ical composition of the WD envelope of X = 0.35, Y = 0.33,
Z = 0.02, XC+O = 0.30. From the optical light curve fitting,
we obtained a distance modulus of (m − M)V = mw − Mw =
16.1 − (+1.4) = 14.7, where mw = 16.1 was read directly from
the end point of the free-free emission model light curve
(large open circle at the bottom of the line) in Figure 11,
and Mw is taken from Table 2 of Hachisu & Kato (2010)
as Mw = +1.4 for the MWD = 1.0 M⊙ model. We also ob-
tained a distance-reddening relation from the UV1455Å light
curve fitting of Equation(10) for OS And. We plot these two
distance-reddening relations in Figure 38. We see that three
trends, the distance modulus (m − M)V = 14.7 together with
Equation (2), the UV 1455Å fitting in Figure 11 together with
Equation (10), and the dust-map E(B −V ) = 0.15, cross con-
sistently at d ≈ 7.0 kpc and E(B −V ) ≈ 0.15. Therefore, we
adopted E(B − V ) = 0.15 for OS And. Using this value, we
plot the color-color diagram in Figure 31(d). The resultant
distribution of the data seems to be reasonable, although the
number of data points is small.
6.13. QV Vul 1987
QV Vul was discovered on UT 1987 November 15 at about
7.0 mag (Beckmann & Collins 1987). The V light curve,
(B − V )0 and (U − B)0 color evolution are plotted in the Ap-
pendix (Figure 51), where the UBV data are taken from
Ohshima (1988). The optical maximum had already been
reached at discovery (Ohshima 1988). It gradually decayed
and suddenly dropped about 60 days after discovery because
of dust formation. We also plot the color-color evolution of
QV Vul in Figure 32(a). There are several data points just
after maximum, so we set Ohshima’s data points (red filled
circles) on the nova-giant sequence as shown in the figure and
obtained a reddening of E(B −V) = 0.60± 0.05.
The reddening toward QV Vul was also determined to be
E(B − V ) = 0.40± 0.05 (Scott et al. 1994) from the Hγ/Hβ
line ratio and to be E(B − V ) = AV/3.1 = 1.0/3.1 = 0.32
(Gehrz et al. 1992) from various loose constraints on the
luminosities and spectra of QV Vul. To further exam-
ine the reddening, we plot the distance-reddening relation
toward QV Vul in Figure 36(b), whose galactic coordi-
nates are (l,b) = (53.◦8585,+6.◦9741). Here we plot four
nearby directions from the data of Marshall et al. (2006):
(l,b) = (53.◦75,+6.◦75) (red open squares), (54.◦00,+6.◦75)
(green filled squares), (53.◦75,+7.◦00) (blue asterisks), and
(54.◦00,+7.◦00) (magenta open circles). The closest one is that
denoted by blue asterisks or magenta open circles. We also
plot the distance-reddening relation of (m − M)V = 14.0 (blue
thick solid line) calculated by the time-stretching method
in the Appendix (Equation(A14)). These trends cross at
E(B − V) ≈ 0.60 and d ≈ 2.7 kpc, which are consistent with
our estimate above. The NASA/IPAC galactic dust absorp-
tion map gives E(B −V) = 0.64± 0.02 in the direction toward
QV Vul, which is also consistent with our estimate.
6.14. V443 Sct 1989
V443 Sct was discovered on UT 1989 September 20 at
about 10.5 mag (Wild 1989). The optical maximum (∼ 7.5
mag) was already reached a week before discovery (see, e.g.,
Figure 1 of Rosino et al. 1999). We plot the V light curve,
and (B −V )0 and (U − B)0 color evolution of V443 Sct in the
Appendix (red symbols in Figure 52), which shows a semi-
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periodic oscillation with a periodicity of ∼ 17 days. The light
curve is similar to that of PW Vul (denoted by blue sym-
bols in the same figure). We plot the color-color evolution
of V443 Sct in Figure 32(b), where the UBV data are taken
from IAU Circular Nos. 4862, 4868, and 4873. Although
there are only several data points after optical maximum, we
determine the reddening to be E(B −V) = 0.40± 0.05.
The reddening toward V443 Sct was estimated by
Anupama et al. (1992) to be E(B − V ) = 0.40 from the
Balmer/Paschen line ratios, which is consistent with our
estimate. To further examine the reddening, we plot
the distance-reddening relation toward V443 Sct, whose
galactic coordinates are (l,b) = (27.◦2183,−2.◦4211), in Fig-
ure 36(c). Here we plot four nearby directions from
the data of Marshall et al. (2006): (l,b) = (27.◦00,−2.◦25)
(red open squares), (27.◦25,−2.◦25) (green filled squares),
(27.◦00,−2.◦50) (blue asterisks), and (27.◦25,−2.◦50) (magenta
open circles). The closest one is that denoted by magenta
open circles. We also plot the distance-reddening relation of
(m−M)V = 15.5 calculated in the Appendix (Equation (A15)).
Our two trends intersect at E(B −V ) ≈ 0.40 and the distance
d ≈ 7.1 kpc. Considering the small number of data points
in Figure 32(b), our estimated extinction is barely consistent
with the distance-reddening relation given by Marshall et al.
(2006).
6.15. V1419 Aql 1993
V1419 Aql was discovered by Yamamoto on UT 1993 May
14 at about 7.6 mag (Hirayama et al. 1993). The V light
curve and (B − V )0 and (U − B)0 color evolution are plotted
in the Appendix (Figure 45), where the UBV data are taken
from Munari et al. (1994a) and IAU Circular Nos. 5794,
5802, 5807, and 5829. The V magnitude reached a maxi-
mum of mV = 7.5 on May 23. Then it gradually decayed and
sharply dropped about 35–40 days after discovery owing to
dust shell formation. We also plot the color-color evolution
of V1419 Aql in Figure 32(c). The color data in the IAU Cir-
culars are scattered, so we used mainly Munari et al.’s data
in our fitting procedure. The first color data were obtained
near maximum, on May 26, so we set this point on the nova-
giant sequence, as shown in Figure 32(c), and estimated the
reddening to be E(B −V ) = 0.50± 0.05. The color evolution
of V1419 Aql started near point D and remained there for a
while, as seen in Figures 45(b) and (c). After that, the nova
suddenly darkened owing to dust shell formation. We do not
follow the color evolution after the dust blackout in the color-
color diagram.
Lynch et al. (1995) obtained the following values for the
reddening toward V1419 Aql: E(B − V ) = 1.02± 0.19 from
an average of E(B −V) = 0.74± 0.46 in June and E(B −V ) =
1.10± 0.32 in September, both from the Paschen series line
ratios, E(B −V ) = 1.22± 0.13 in June and E(B −V ) = 1.05±
0.12 in September, both from the O I lines λ8446, λ11287,
and λ13164. On the other hand, Munari et al. (1994b) esti-
mated the reddening to be E(B − V ) = 0.55± 0.15 from the
star’s color, i.e., the average of E(B − V ) = 0.6 from the in-
trinsic color at t2 time (van den Bergh & Younger 1987) and
E(B − V ) = 0.5 from the intrinsic color at maximum (Allen
1973). Thus, these reddening estimates show a large differ-
ence between these two groups.
To further examine the reddening, we plot the distance-
reddening relation of Marshall et al. (2006) in Figure 36(d),
where the galactic coordinates of V1419 Aql are (l,b) =
(36.◦8110,−4.◦1000). We plot four nearby directions from
the data from Marshall et al. (2006): (l,b) = (36.◦75,−4.◦00)
(red open squares), (37.◦00,−4.◦00) (green filled squares),
(36.◦75,−4.◦25) (blue asterisks), and (37.◦00,−4.◦25) (magenta
open circles). The closest one is that denoted by red open
squares. We also plot the distance-reddening relation of (m −
M)V = 14.6 calculated by the time-stretching method in the
Appendix (Equation (A8)). The two trends of (m−M)V = 14.6
and E(B−V ) = 0.50 cross at d ≈ 4.1 kpc and E(B−V)≈ 0.50,
which are consistent with the distance-reddening relation of
Marshall et al. (2006). The NASA/IPAC galactic dust ab-
sorption map gives E(B − V ) = 0.55± 0.01 in the direction
toward V1419 Aql, which is also consistent with our estimate.
6.16. V705 Cas 1993
V705 Cas was discovered by Kanatsu on UT 1993 Decem-
ber 7 at about 6.5 mag (Nakano et al. 1993). The V light
curve and (B −V )0 and (U − B)0 color evolution are plotted in
the Appendix (Figure 51), where the UBV data are taken from
Munari et al. (1994b), Hric et al. (1998), and IAU Circular
Nos. 5920 and 5929. It rose to mV = 5.5 10 days after dis-
covery, i.e., on UT December 17. A deep minimum appeared
about 60 days after discovery because of dust shell forma-
tion. Therefore, we only plot the data for t < 60 days for the
color-color evolution of V705 Cas in Figure 32(d). The color-
color data of Munari et al. are scattered, so we determine
the reddening to be E(B −V ) = 0.45± 0.05, mainly from the
data of Hric et al. and the IAU Circulars. Combining the dis-
tance modulus of (m − M)V = 13.6 calculated in the Appendix
(Equation (A14)) and E(B−V ) = 0.45, we obtained a distance
of d = 2.8 kpc. The color-color evolution of V705 Cas started
near point 3 (or point C). Then, the nova ascended along the
nova-giant sequence to near point 4” (near point F) and stayed
there for a while. After that, the nova suddenly darkened ow-
ing to dust shell formation.
The reddening toward V705 Cas was estimated by
Hric et al. (1998) to be E(B − V ) = 0.38 from an intercom-
parison of the color indices of stars surrounding the nova se-
lected from the SAO catalog. They also obtained E(B −V ) =
(B − V)ss − (B − V)0,ss = 0.32 − (−0.11) = 0.43 from the intrin-
sic color at the stabilization stage (Miroshnichenko 1988).
Hauschildt et al. (1995) obtained E(B − V ) = 0.5 assuming
that the total (optical + UV) luminosity in the early phase is
constant (see also Shore et al. 1994). The simple arithmetic
mean of these values is E(B −V) = 0.44± 0.05, which is con-
sistent with our estimate of E(B −V) = 0.45± 0.05. If we use
the relations given by van den Bergh & Younger (1987), we
obtain E(B −V ) = (B −V )max − (B −V )0,max = 0.56 − (+0.23) =
0.33 and E(B − V ) = (B − V )t2 − (B − V )0,t2 = 0.34 − (−0.02) =
0.36, the color data of which are taken from Hric et al.
(1998). These values are slightly smaller than our value of
E(B−V ) = 0.45±0.05. The galactic coordinates of V705 Cas
are (l,b) = (113.◦6595,−4.◦0959). Unfortunately, there are no
data on the dust extinction map calculated by Marshall et al.
(2006) because their data are given for −100.◦0 ≤ l ≤ 100.◦0
and −10.◦0 ≤ b ≤ +10.◦0. The NASA/IPAC galactic dust ab-
sorption map gives E(B −V ) = 0.48±0.02 in the direction to-
ward V705 Cas, which is consistent with our value.
6.17. V382 Vel 1999
V382 Vel is a very fast nova identified as a neon nova
(Woodward et al. 1999). The V light curve and (B −V )0 and
(U − B)0 color evolution are plotted in the Appendix (Figures
42). The nova reached mV = 2.7 at maximum on UT 1999 May
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23. The UBV color-color evolution is plotted in Figure 33(a),
where the data are taken from IAU Circular Nos. 7176, 7179,
7196, 7209, 7216, 7226, and 7232 (observed mainly by A. C.
Gilmore and P. M. Kilmartin). We obtained E(B−V ) = 0.15±
0.05 by fitting. Mukai & Ishida (2001) obtained a hydrogen
column density toward V382 Vel of NH = (1.01±0.05)×1021
from early hard X-ray spectrum fittings. This value can be
converted to E(B − V ) = NH/5.8× 1021 ≈ 0.2 (Bohlin et al.
1978) or E(B − V ) = NH/8.3× 1021 ≈ 0.12 (Liszt 2014),
which are consistent with our estimated value. Shore et al.
(2003) obtained E(B −V) = 0.20 and della Valle et al. (2002)
estimated E(B −V ) = 0.05–0.099 from various line ratios and
the Na I D interstellar absorption features. These values are all
consistent with our estimated value of E(B−V ) = 0.15±0.05.
The galactic coordinates of V382 Vel are (l,b) =
(284.◦1674,+5.◦7715). We plot the distance-reddening re-
lation calculated by Marshall et al. (2006) in Figure 37(a).
Here we plot four nearby directions: (l,b) = (284.◦00,+5.◦75)
(red open squares), (284.◦25,+5.◦75) (green filled squares),
(284.◦00,+6.◦00) (blue asterisks), and (284.◦25,+6.◦00) (ma-
genta open circles). The closest one is that denoted by green
filled squares. We also plot the distance-reddening relation
(m − M)V = 11.4 calculated in the Appendix (Equation (A5)).
It seems that our estimate of E(B−V) = 0.15 is slightly smaller
than Marshall et al.’s distance-reddening relation.
6.18. V2274 Cyg 2001#1
V2274 Cyg was discovered by Nakamura on UT 2001 July
13.65 at about 11.9 mag (Sato et al. 2001). We plot the V
light curve and (B − V )0 and (U − B)0 color evolution in the
Appendix (Figure 48), where the UBV data are taken from
Voloshina & Metlova (2002b). It rose to mV = 11.8 on UT
August 20.09 (Waagen et al. 2001). Then it declined with
large oscillatory variations until dust blackout began about 50
days after discovery. We also plot the color-color evolution of
V2274 Cyg in Figure 33(b); we obtained E(B−V ) = 1.35±0.1
by fitting. There is large scatter in the color-color data, so we
have a relatively large error of determination.
Rudy et al. (2003) estimated the reddening to be E(B−V) =
1.30± 0.2 from three O I line fluxes based on the redden-
ing law given by Draine (1989), which is consistent with
our estimate of E(B − V ) = 1.35± 0.1. Rudy et al. (2003)
also obtained a distance of d = 10.8+4.2
−3.1 kpc to the nova from
della Valle & Livio’s (1995) MMRD relation together with
t2 = 33±4. Then the apparent distance modulus in V becomes
(m−M)V = 19.16±0.7, including 3σ scatter in the MMRD re-
lation.
The galactic coordinates of V2274 Cyg are (l,b) =
(73.◦0415,+1.◦9910), and we plot the distance-reddening re-
lation calculated by Marshall et al. (2006) in Figure 37(b).
Here we plot four nearby directions: (l,b) = (73.◦00,2.◦00)
(red open squares), (73.◦25,2.◦00) (green filled squares),
(73.◦00,1.◦75) (blue asterisks), and (73.◦25,1.◦75) (magenta
open circles). The closest one is that denoted by red open
squares. Our two trends, (m − M)V = 18.7 (thick blue solid
line) calculated in the Appendix (Equation (A11)) and E(B −
V ) = 1.35 (vertical black solid line), cross at d = 8.0 kpc. This
point is consistent with Marshall et al.’s distance-reddening
relation.
6.19. V475 Sct 2003
V475 Sct was discovered by Nishimura on UT 2003 Au-
gust 28.58 at about 8.5 mag (Nakano et al. 2003). We plot
the V light curve and (B − V )0 and (U − B)0 color evolution
of V475 Sct in the Appendix (Figure 43) together with those
of DQ Her, NQ Vul, and T Pyx. It rose to mV = 8.4 on
UT September 2 (e.g., Stringfellow & Walter 2006). Then
it gradually declined with t2 = 48 days and t3 = 53 days (e.g.,
Chochol et al. 2005). The nova started a dust blackout about
60 days after discovery. We plot the color-color evolution
of V457 Sct in Figure 33(c), where the UBV data are taken
from Chochol et al. (2005). The color evolution followed
the nova-giant sequence in the early phase, as shown in Fig-
ure 33(c), so we determine the reddening to be E(B − V ) =
0.55± 0.10.
Chochol et al. (2005) obtained a value of E(B−V ) = 0.69±
0.05 for the reddening toward V475 Sct averaging various
estimates: E(B − V) = (B − V)max − (B − V)0,max = 0.91 − 0.2 =
0.71, E(B −V ) = (B −V )t2 − (B −V )0,t2 = 0.45 − (−0.02) = 0.47,
E(B−V ) = (B−V )ss − (B−V )0,ss = 0.61 − (−0.11) = 0.72, E(B−
V ) = (B − V )F2 − (B − V )0,F2 = 1.08 − (0.23) = 0.85, where the
spectral type of V475 Sct observed on UT August 31.97
is F2 supergiant and (B − V )0,F2 is the intrinsic color of F2
supergiants (Cox 2000), and E(B − V ) = 0.70 from the in-
terstellar K I line. Chochol et al. (2005) derived values of
(m−M)V = 15.57±0.15 and d = 4.8±0.9 kpc for the distance
modulus in the V band and the distance, respectively. The
distance was also estimated by Stringfellow & Walter (2006)
to be (m − M)0 = 13.7 (d ∼ 5.5 kpc) from the MMRD rela-
tions with t2 = 46, and t3 = 53 days together with E(B −V ) =
(B −V )F2 − (B −V )0,F2 = 0.78 − 0.23 = 0.55. The latter value of
E(B −V) = 0.55 is consistent with our estimated value.
To examine the distance-reddening relation toward
V475 Sct, we compared our results with that of
Marshall et al. (2006). The galactic coordinates of
V475 Sct are (l,b) = (24.◦2015,−3.◦9466). We plot the
distance-reddening relation calculated by Marshall et al.
(2006) in Figure 37(c). Here we plot four nearby directions:
(l,b) = (24.◦00,−4.◦00) (red open squares), (24.◦25,−4.◦00)
(green filled squares), (24.◦00,−3.◦75) (blue asterisks), and
(24.◦25,−3.◦75) (magenta open circles). The closest one
is that denoted by green filled squares. We also plot the
distance-reddening relation of (m − M)V = 15.6 calculated
in the Appendix (Equation (A6)). The two trends of
(m − M)V = 15.6 (thick blue solid line) and E(B − V ) = 0.55
(black solid line) cross at d = 6.0 kpc, which is consistent
with Marshall et al.’s trend. The NASA/IPAC galactic dust
absorption map gives E(B −V) = 0.59± 0.05 in the direction
toward V475 Sct, which is also consistent with our estimate.
6.20. V5114 Sgr 2004
V5114 Sgr was discovered independently by Nishimura on
UT 2004 March 15.82 at about 9.4 mag and by Liller on 2004
March 17.34 at about 8.2 mag (Nishimura et al. 2004). We
plot the V light curve and (B − V )0 and (U − B)0 color evo-
lution in the Appendix (Figure 44). It rose to mV = 8.0 on
UT March 17.17 (Ederoclite et al. 2006). Then it gradually
declined with t2 = 11 days and t3 = 21 days. We plot the color-
color evolution of V5114 Sgr in Figure 33(d), where the UBV
data are taken from Ederoclite et al. (2006). The color evolu-
tion followed the nova-giant sequence in the very early phase
from point D to point 4” and then followed the path from point
4” to 5”, so we obtained a reddening of E(B−V ) = 0.45±0.05.
This color-evolution path is very similar to that of V1974 Cyg.
Here we omitted some data that differ greatly from the others
to reduce the scatter in the color data.
The reddening toward V5114 Sgr was determined by
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FIG. 39.— Five typical nova tracks in the color-magnitude diagram:
from left to right, V1500 Cyg (green solid), V1668 Cyg (magenta solid),
PW Vul (blue thin solid), FH Ser (ocher solid), and PU Vul (blue thick solid
line). Vertical red solid line indicates stabilization track of (B −V )0 = −0.11
(Miroshnichenko 1988).
Ederoclite et al. (2006) to be E(B−V ) = 0.45 from the equiv-
alent width of the interstellar line K I λ7699, E(B − V ) =
(B −V )max − (B −V)0,max = 0.66 − (0.23± 0.06) = 0.43± 0.06,
E(B − V ) = (B − V )t2 − (B − V )0,t2 = 0.38 − (−0.02± 0.04) =
0.40± 0.04, E(B − V ) = 0.58 from the galactic dust map
(Schlegel et al. 1998), E(B − V ) = 0.57 from the line ratio
of He II λ4686 and λ10124, E(B − V ) = 0.65 from the line
ratio of He I λ4861 and λ10049, and so on. We checked
the NASA/IPAC galactic dust absorption map and obtained
E(B − V ) = 0.49± 0.02 in the direction toward V5114 Sgr,
whose galactic coordinates are (l,b) = (3.◦9429,−6.◦3121).
The simple arithmetic mean of the first six values above, given
by Ederoclite et al. (2006), is E(B −V) = 0.51± 0.09, which
is consistent with our value of E(B −V) = 0.45± 0.05.
To further check the reddening-distance relation to-
ward V5114 Sgr, we compared our results with that of
Marshall et al. (2006). In Figure 37(d), We plot four
nearby directions: (l,b) = (3.◦75,−6.◦50) (red open squares),
(4.◦00,−6.◦50) (green filled squares), (3.◦75,−6.◦25) (blue as-
terisks), and (4.◦00,−6.◦25) (magenta open circles). The clos-
est one is that denoted by magenta open circles. These three
trends, Marshall et al.’s magenta open circles, (m−M)V = 16.5
(thick blue solid line) calculated in the Appendix (Equation
(A7)), and E(B −V ) = 0.45 (vertical black solid line), are all
consistent with d ∼ 10.5 kpc and E(B −V)∼ 0.45.
7. DISCUSSION
7.1. Comparison with Miroshnichenko’s Relation
Miroshnichenko (1988) identified a trend in which the
B −V and U − B colors remain constant for a while soon after
optical maximum, which usually has the reddest color, and
further that this stage showed a general trend of (B −V )0,ss =
−0.11± 0.02. He called this stage “the stabilization stage”
and determined the V band absorptions (AV ) of 23 novae as-
suming that they all have the same intrinsic (B −V )0 color at
this stabilization stage, i.e., E(B −V) = (B −V )ss − (B −V)0,ss =
(B − V)ss + 0.11 and AV = RV E(B − V) = 3.13E(B − V), where
(B −V)ss is the observed B −V color at the stabilization stage.
This method looks fascinating but sometimes results in a large
difference from our value (see Table 2).
Figure 39 summarizes the color-magnitude diagram for our
28 novae. There are five typical nova tracks, each of which
represents a similar speed class as well as other characteristic
properties. We found that the two types of V1668 Cyg and
FH Ser clearly show a stabilization stage, in which the B −V
color is almost constant during a decay of a few magnitudes in
V . In the V1668 Cyg type of novae (fast novae with optically-
thin dust formation) the stabilization stage clearly appears as
a straight vertical track of (B −V )0 ≈ −0.05 (point 4”), which
is close to (B−V)0 = −0.11 (the red vertical line). On the other
hand, the FH Ser type (moderately fast/slow novae with opti-
cally thick dust formation) lies between (B−V )0 = 0.0 and 0.1.
In the V1500 Cyg and PW Vul types of novae, the (B − V )0
colors are close to (B − V )0 ∼ −0.03 at t2 because they re-
main for a while near point F (see Section 7.2). Because their
colors gradually become blue around t2, their color could be
consistent with (B − V )0,ss = −0.11. In the PU Vul type of
novae, including V723 Cas and HR Del, the color path is
much redder because they stay near point 0, whose color is
(B − V )0 = +0.13 (see Figure 17 for PU Vul and Figure 26
for V723 Cas/HR Del). Thus, three types, the V1668 Cyg,
V1500 Cyg, and PW Vul types, could have a stabilization
stage with (B − V )0,ss ≈ −0.11. For the other two types, the
FH Ser and PU Vul types, Miroshnichenko’s method may re-
sult in a larger extinction than the true value, as seen in Table
2.
7.2. Comparison with van den Bergh and Younger’s
Relations
van den Bergh & Younger (1987) derived the general
trends of color evolution in nova light curves, i.e., (B −
V )0,max = 0.23± 0.06 at maximum and (B −V )0,t2 = −0.02±
0.04 at t2. Using these relations, one can obtain E(B −V) for
individual novae. These two methods, however, often give
very different values from those obtained by other methods.
Table 2 summarizes these values of E(B − V ), including our
results from the previous sections. Here we examine van den
Bergh and Younger’s empirical relations for our 28 novae.
In this paper, we showed that novae generally follow the
nova-giant sequence when the photospheric emission domi-
nates the spectrum in the optical region. The optical maxi-
mum corresponds to the reddest point of the journey along
the nova-giant sequence. This reddest point varies among
novae. Thus, the color at maximum, (B − V )0,max, is not
the same for all the novae. To understand the difference
among various types of novae, we plot five typical nova tracks
in the color-magnitude diagram (Figure 39). A nova out-
burst evolves from the peak magnitude (top of a line) and
then moves down. V1500 Cyg and V1668 Cyg showed col-
ors consistent with (B − V )0,max = 0.23± 0.06 at maximum
(van den Bergh & Younger 1987). In this way, many fast
and very fast novae are consistent with van den Bergh &
Younger’s (B − V )0,max = 0.23± 0.06 except for some novae
like V1974 Cyg. V1974 Cyg is not consistent with this be-
cause of its too-short journey along the nova-giant sequence
from point D, where (B −V )0,D = +0.04 (see Figure 8(d)). For
the other types of novae, e.g., FH Ser and PU Vul are also
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not consistent with this, because their long journeys along the
nova-giant sequence reach (B−V )0∼ 0.6 far beyond (B−V )0 =
0.23. Thus, van den Bergh and Younger’s law of (B−V )0,max =
0.23± 0.06 is usually not applicable to slow/very slow novae
and sometimes fast novae like V1974 Cyg.
The second law of (B − V )0,t2 = −0.02± 0.04 at t2, on the
other hand, shows rough agreement with our estimated val-
ues. This is because (B −V )0,t2 = −0.02± 0.04 is very close
to the (B −V )0 color at point F (−0.03), point 4” (−0.05), and
point 4’ (−0.08), where fast novae usually remain for a while
when free-free emission dominates the spectrum after opti-
cal maximum (see Figure 39). However, some of the very
slow novae, e.g., PU Vul, V5558 Sgr, V723 Cas, and HR Del,
remain near point 0 (not point F) for a while as mentioned in
Sections 4 and 5, and its color is (B−V )0 = +0.13, which is not
consistent with (B −V )0,t2 = −0.02± 0.04. Thus, the PU Vul
and FH Ser type tracks show much redder colors at t2.
8. CONCLUSIONS
We extensively examined the color-color evolutions of
nova outbursts and found several important properties of nova
color evolution. Our main results are summarized as follows.
1. We compiled or obtained the distance and extinction for
eight well-observed novae including all the speed classes.
Based on the revised distances and extinctions, we plotted
the dereddened (B −V )0 versus (U − B)0 color-color diagrams
of these novae and found a general course for the color
evolution of nova outbursts. We further found that a number
of novae follow this general course in the color-color diagram.
2. The general tracks of nova outbursts consist mainly
of three branches, i.e., the nova-giant sequence phase and
free-free emission (point F) phase, followed by development
of strong emission lines (horizontal blueward excursion): (1)
In the early phase of a nova outburst, i.e., in the pre-maximum
phase, a nova evolves from near the blackbody sequence and
follows a new sequence redward. After optical maximum, the
nova quickly evolves back blueward along this new sequence.
This new sequence is located parallel to, but ∆(U − B)≈ −0.2
mag bluer than, the supergiant sequence. We call the new
sequence “the nova-giant sequence” after the supergiant
sequence. The spectra of novae on the nova-giant sequence
resemble those of A–F type supergiants. (2) Subsequently,
the spectra of novae become that of free-free emission in
the optical and near IR regions. Therefore, novae stay at the
point of free-free emission (B −V = −0.03, U − B = −0.97) for
a while. Thus, we call this point “point F” in the color-color
diagram after free-free emission. (3) After this stage, novae
evolve leftward (blueward in B − V but almost constant in
U − B) mainly because of the development of strong emission
lines. In this work, we stopped following the color evolution
when the V magnitude drops by 3 – 4 mag from the maximum
because strong emission lines make an increasingly large
contribution to the (U − B)0 and (B − V )0 colors, and their
effects cloud the overall evolution of colors.
3. We can determine the color excess E(B−V ) of a target nova
by fitting its color evolution track with our general course in
the color-color diagram. This is a new and convenient method
for obtaining accurate color excesses for classical novae. In
this paper, we redetermined the color excesses of 19 novae
by fitting with our general track. They are shown in Figures
29 – 33, and the obtained values are tabulated in Table 2.
4. Using a time-stretching method for nova light curves
(Hachisu & Kato 2010), we can estimate the apparent dis-
tance modulus (m − M)V of a target nova. We have confirmed
that this time-stretching method is applicable for several
novae with known distances. Then, we determined the
distance moduli of other novae, which are shown in Figures
40 – 52, and the obtained values of (m − M)V are tabulated in
Table 2. Comparing some other available distance-reddening
relations with our apparent distance modulus (m − M)V for
a target nova, we examined and confirmed our estimated
color excess for each nova in Figures 34 — 37 and showed
that our estimated values of E(B −V ) are in good agreement
with these relations, thus supporting the validity of our new
method.
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APPENDIX
TIME-STRETCHING METHOD FOR NOVA LIGHT CURVES
Hachisu & Kato (2006) found that nova light curves follow a universal decline law when free-free emission dominates the
optical and IR flux. Using the universal decline law, Hachisu & Kato (2010) found that, if two nova light curves overlap each
other after one of the two is squeezed/stretched by a factor of fs (t ′ = t/ fs) in the time direction, the brightnesses of the two
novae obey the relation of m′V = mV − 2.5log fs. Using this result and calibrated nova light curves, we can estimate the absolute
magnitude of a target nova. In the following, we determine the distance moduli of 28 novae. The results are tabulated in Table 2.
First, we calibrate the distance modulus of V1500 Cyg with those of GK Per and V603 Aql, because the distances to GK Per
and V603 Aql were recently obtained by Harrison et al. (2013) using trigonometric parallax, i.e., d = 477+28
−25 pc for GK Per and
d = 249+9
−8 pc for V603 Aql. The value of GK Per is consistent within a 1σ error with the previous estimate of d = 455 pc by
Slavin et al. (1995) using the nebular expansion parallax method. The distance modulus of GK Per is (m−M)V = 5log477+28
−25/10+
3.1×0.3 = 9.3±0.1 for E(B−V) = 0.3 (Wu et al. 1989). The distance modulus of V603 Aql is (m− M)V = 5log249+9
−8/10 + 3.1×
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FIG. 40.— Light curves of V1500 Cyg, GK Per, and V603 Aql. Light curves of free-free emission are almost independent of wavelength, so the V , y, H, and
K light curves of V1500 Cyg almost overlap from several days to ∼ 65 days after the outburst. The V light curve of GK Per is shifted downward by ∆V = 2.5
mag and leftward by ∆ log t = −0.2, whereas the visual light curve of V603 Aql is shifted downward by ∆V = 5.1 mag but not shifted in the time direction.
The smooth light curve of V1500 Cyg is fitted with the bottom line of the GK Per light curve during the transition oscillations of GK Per, whereas it is fitted
with the top line of the V603 Aql light curve during the transition oscillations of V603 Aql. We added two model light curves of free-free emission for WDs
with masses of 1.2 M⊙ (black solid line) and 1.05 M⊙ (magenta solid line). The light curve of the 1.05 M⊙ WD is shifted against that of the 1.2 M⊙ WD by
∆ log t = log fs = −0.2 and by ∆V = −2.5 log fs = 0.50 mag to make them overlap, as shown in the figure.
0.07 = 7.2± 0.07 for E(B −V) = 0.07 (Gallagher & Holm 1974).
Figure 40 shows the light curves of V1500 Cyg in the V and near-infrared (NIR) bands. The NIR data are taken from
Ennis et al. (1977), Gallagher & Ney (1976), and Kawara et al. (1976) and the y and V data are from Lockwood & Millis
(1976) and Tempesti (1979). When we shift each light curve of V1500 Cyg in the vertical direction, all the light curves merge
into one line in the mid-time region. This property was explained by Hachisu & Kato (2006) as a characteristic property of
free-free emission. Figure 40 also shows the light curves of GK Per and V603 Aql. The optical V data for GK Per are those in
Figure 2 of Hachisu & Kato (2007). The data for V603 Aql are taken from Campbell & Shapley (1923) and the AAVSO. These
light curves are shifted in the vertical direction so that they overlap with the free-free emission model light curves (black and
magenta solid lines explained later). In addition, the light curve of GK Per is shifted by ∆ log t = −0.2 in the horizontal direction
so that it overlaps with the final decline of the t−3 law for V1500 Cyg shown in Figure 40. We do not shift the light curve of
V603 Aql in the time direction because its t−3 slope accidentally overlaps with that of V1500 Cyg. This means that the timescale
of V603 Aql is almost the same as that of V1500 Cyg. Thus, we can determine the time-scaling factors as 0.63 for GK Per and 1.0
for V603 Aql, and the vertical shifts as ∆V = 2.5 mag for GK Per and ∆V = 5.1 mag for V603 Aql. The start time of V603 Aql
is located in the middle because of its smaller envelope mass.
GK Per shows transition oscillations in the middle part of the light curve, and the bottom line of these oscillations almost
coincides with our free-free emission model light curve. V603 Aql also shows transition oscillations, and its top line almost
overlaps our model light curve. Both of these light curves agree with that of V1500 Cyg in the early phase and in the later phase
of the t−3 law. The time-stretching method proposed by Hachisu & Kato (2010) is based on the relation m′V = mV − 2.5log fs
between two light curves that overlap each other. In Figure 40, we obtain the following relation among the apparent distance
moduli of the three novae:
(m − M)V,V1500 Cyg = 12.3
= (m − M)V,GK Per +∆V − 2.5log0.63/1.0
≈ 9.3± 0.1 + 2.5 + 0.50 = 12.3± 0.1
= (m − M)V,V603 Aql +∆V + 2.5log1.0/1.0
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= 7.2± 0.07 + 5.1 − 0.0 = 12.3± 0.07, (A1)
where we use distance moduli of (m − M)V = 9.3±0.1 for GK Per and (m − M)V = 7.2±0.07 for V603 Aql from Harrison et al.’s
results obtained using the trigonometric parallax method. The latter two values in the third and fifth lines of Equation (A1) agree
very well with our distance modulus in the first line of Equation (A1) presented in Section 3.4. Moreover, the mutual agreement
in the two novae with their known trigonometric distances indicates that the time-stretching method is reliable.
Now we determine the WD masses of V1500 Cyg, GK Per, and V603 Aql using model light curve analysis of free-free
emission. The model light curves are taken from Hachisu & Kato (2010). The best-fit model is MWD = 1.20 M⊙ (black solid
line) for V1500 Cyg. We select the 1.20 M⊙ WD from the position at which a bend or break appears on the y, H, and K light
curves at ∼ 65 days (logtbreak ∼ 1.8) after the outburst (see Hachisu & Kato 2006, for more details). Here we search for the
best-fit model by eye by changing the WD mass in 0.05 M⊙ steps. This figure also shows the model light curve for a 1.05 M⊙
WD shifted in the time direction by a scaling factor of 0.63 to overlap that of 1.2 M⊙ WD. The resultant curve fits that of GK Per
shifted by the same scaling factor of 0.63. Therefore, we adopted MWD = 1.05 M⊙ for GK Per. For V603 Aql, the timescale
is almost the same as that of V1500 Cyg, The WD mass of V603 Aql is almost the same, i.e., MWD = 1.20 M⊙. This is very
consistent with the dynamical mass of MWD = 1.2± 0.2 M⊙ obtained by Arenas et al. (2000).
Hachisu & Kato (2010) calibrated the absolute magnitudes of their free-free model light curves. Using their absolute magni-
tudes, we obtained the distance modulus of GK Per as[(m − M)V,GK Per]FF = mw − Mw = 10.9 − 1.6 = 9.3 (A2)
from mw = 10.9 and Mw = 1.6 (MWD = 1.05 M⊙) in Table 3 of Hachisu & Kato (2010). We obtained the distance modulus of
V1500 Cyg as [(m − M)V,V1500 Cyg]FF = mw − Mw = 13.0 − 0.7 = 12.3 (A3)
from mw = 13.0 and Mw = 0.7 (MWD = 1.20 M⊙) in Table 3 of Hachisu & Kato (2010). Here, mw/Mw is the apparent/absolute mag-
nitude at the end point of optically-thick winds (denoted by a large open circle at the end of each black or magenta free-free model
light curve). The value of mw is read directly from Figure 40 and Mw was calibrated and given in Table 3 of Hachisu & Kato
(2010). These results from Equations (A2) and (A3) are consistent with the results of Equation (A1). Thus, we confirm the valid-
ity of our time-stretching method; at the same time, we show that the absolute magnitudes of our model light curves, which are
based on the free-free emission light curves, are consistently calibrated with the absolute magnitudes of GK Per and V603 Aql,
which are based on trigonometric parallax.
Figure 41 shows the V light curves and (B − V )0 and (U − B)0 color evolution of PW Vul, V1500 Cyg, V1668 Cyg, and
V1974 Cyg as well as those of V533 Her. We squeezed the light curves of PW Vul, V1668 Cyg, V1974 Cyg, and V533 Her in the
time direction by factors of 0.21, 0.44, 0.50, and 0.54 and shifted them by ∆V = −1.6, ∆V = −2.6, ∆V = −0.4, and ∆V = +0.8 mag,
respectively, against that of V1500 Cyg. Then, we obtained the apparent distance modulus in the V band as
(m − M)V,V1500 Cyg = 12.3
= (m − M)V,PW Vul +∆V − 2.5log0.21/1.0
≈ 13.0 − 2.4 + 1.7 = 12.3
= (m − M)V,V1668 Cyg +∆V − 2.5log0.44/1.0
≈ 14.25 − 2.9 + 0.90 = 12.25
= (m − M)V,V1974 Cyg +∆V − 2.5log0.50/1.0
≈ 12.2 − 0.6 + 0.75 = 12.35
= (m − M)V,V533 Her +∆V − 2.5log0.54/1.0
≈ 10.8 + 0.8 + 0.67 = 12.27, (A4)
where the apparent distance moduli of PW Vul, V1500 Cyg, V1668 Cyg, and V1974 Cyg were already obtained as
(m − M)V,PW Vul = 13.0 in Section 3.1, (m − M)V,V1500 Cyg = 12.3 in Section 3.4, (m − M)V,V1668 Cyg = 14.25 in Section 3.5, and
(m − M)V,V1974 Cyg = 12.2 in Section 3.6. These are all consistent with each other. Therefore, we can use this method to obtain the
distance modulus of a target nova; the distance modulus of V533 Her is found to be (m − M)V,V533 Her = 10.8.
In Figure 41, we also plotted UV 1455Å fluxes for PW Vul (magenta open circles with plus sign), V1668 Cyg (black filled
squares), and V1974 Cyg (green filled triangles). UV 1455Å fluxes of V1974 Cyg and PW Vul are scaled down by 0.005 and
0.88 to fit its shape with those of V1668 Cyg. In this figure we adopted MWD = 0.83 M⊙ for PW Vul as a best-fit model for our
assumed chemical composition of X = 0.55, Y = 0.23, Z = 0.02, and XCNO = 0.20 (magenta solid lines). The distance-reddening
relation (magenta solid line in Figure 35(d)) of UV 1455Å flux fitting is calculated from Equation (10) for PW Vul. We adopted
Fobs
λ
= 4.5× 10−12 erg s−1 cm−2 Å−1, which is the observed flux at λ = 1455Å corresponding to the upper bound of Figure 41(a),
and Fmod
λ
= 1.1×10−11 erg s−1 cm−2 Å−1, which is the model flux of the 0.83 M⊙ WD corresponding to the upper bound of Figure
41(a).
In this way, we obtained the distance moduli for various novae studied in Section 6, using the time-stretching method. From
Figure 42, we obtain the apparent distance moduli in the V band as
(m − M)V,RS Oph = 12.8
= (m − M)V,V1500 Cyg +∆V − 2.5log1.0/5.6
= 12.3 + (+0.0 − 1.4) + 1.88 = 12.78
= (m − M)V,V1668 Cyg +∆V − 2.5log0.44/5.6
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≈ 14.25 + (−2.9 − 1.4) + 2.76 = 12.71
= (m − M)V,V446 Her +∆V − 2.5log1.41/5.6
≈ 11.7 + (+1.0 − 1.4) + 1.50 = 12.80
= (m − M)V,V382 Vel +∆V − 2.5log0.89/5.6
≈ 11.4 + (+0.8 − 1.4) + 2.0 = 12.80. (A5)
In Figure 42, we also plotted the UV 1455Å fluxes of the 1985 RS Oph outburst (red filled triangles) together with those of
V1668 Cyg (black filled squares) and V1974 Cyg (blue filled circles). The UV 1455Å flux of RS Oph is scaled down by
0.0625(= 1/16) to fit its shape with those of V1974 Cyg/V1668 Cyg. In this figure we adopted MWD = 1.37 M⊙ for RS Oph as
a best-fit model for our assumed chemical composition of X = 0.55, Y = 0.23, Z = 0.02, and XCNO = 0.20 (magenta solid lines).
The distance-reddening relation (magenta solid line in Figure 34(a)) of UV 1455Å flux fitting is calculated from Equation (10)
for RS Oph. We adopted Fobs
λ
= 5.0×10−11 erg s−1 cm−2 Å−1, which is the observed flux at λ = 1455Å corresponding to the upper
bound of Figure 42(a), and Fmod
λ
= 1.7× 10−11 erg s−1 cm−2 Å−1, which is the model flux of the 1.37 M⊙ WD corresponding to
the upper bound of Figure 42(a).
In Figure 43, the V light curve of T Pyx almost overlaps that of DQ Her from the maximum to the final t−3 decline law (thin
solid black line) except for the dust blackout period of DQ Her. The final t−3 decline law can be explained as free-free emission
from a homologously expanding nebula (see, e.g., Hachisu & Kato 2006) after the optically-thick winds ended. In this figure,
we took a start of day about 20 days after the outburst of T Pyx in order to make the final declines of each nova overlap. Because
the overall timescales of these four novae (DQ Her, NQ Vul, V475 Sct, and T Pyx) are almost the same, we consider that their
brightnesses are almost the same, i.e.,
(m − M)V,T Pyx = 13.8
= (m − M)V,DQ Her +∆V
= 8.2 + (+5.4 + 0.2) = 13.8
= (m − M)V,NQ Vul +∆V
= 13.6 + (+0.0 + 0.2) = 13.8
= (m − M)V,V475 Sct +∆V
= 15.6 + (−2.0 + 0.2) = 13.8. (A6)
From Figure 44, we derive
(m − M)V,LV Vul = 11.9
= (m − M)V,V1500 Cyg +∆V − 2.5log1.0/0.45
≈ 12.3 + (+0.0 + 0.5) − 0.87 = 11.93
= (m − M)V,IV Cep +∆V − 2.5log0.40/0.45
≈ 14.7 + (−3.4 + 0.5) + 0.13 = 11.93
= (m − M)V,V1494 Aql +∆V − 2.5log1.0/0.45
≈ 13.1 + (−0.8 + 0.5) − 0.87 = 11.93
= (m − M)V,V5114 Sgr +∆V − 2.5log0.56/0.45
≈ 16.5 + (−4.8 + 0.5) − 0.24 = 11.96. (A7)
From Figure 45,
(m − M)V,V1419 Aql = 14.6
= (m − M)V,V1668 Cyg +∆V − 2.5log1.26/0.79
≈ 14.25 + (+1.5 − 0.6) − 0.51 = 14.64
= (m − M)V,V1065 Cen +∆V − 2.5log1.0/0.79
= 15.5 + (+0.0 − 0.6) − 0.26 = 14.64
= (m − M)V,V496 Sct +∆V − 2.5log0.50/0.79
≈ 13.6 + (+1.1 − 0.6) + 0.50 = 14.59. (A8)
From Figure 46,
(m − M)V,IV Cep = 14.7
= (m − M)V,V1500 Cyg +∆V − 2.5log1.0/0.40
≈ 12.3 + (+0.0 + 3.4) − 0.99 = 14.71
= (m − M)V,V1668 Cyg +∆V − 2.5log0.54/0.40
≈ 14.25 + (−2.6 + 3.4) − 0.33 = 14.72
= (m − M)V,V2468 Cyg +∆V − 2.5log0.45/0.40
≈ 15.6 + (−4.1 + 3.4) − 0.13 = 14.77
= (m − M)V,V2491 Cyg +∆V − 2.5log1.41/0.40
≈ 16.5 + (−3.8 + 3.4) − 1.34 = 14.73, (A9)
From Figure 47,
(m − M)V,IV Cep = 14.7
= (m − M)V,V1668 Cyg +∆V − 2.5log0.54/0.40
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≈ 14.25 + (−2.6 + 3.4) − 0.33 = 14.72
= (m − M)V,V2467 Cyg +∆V − 2.5log0.50/0.40
≈ 16.2 + (−4.6 + 3.4) − 0.24 = 14.76
= (m − M)V,V2468 Cyg +∆V − 2.5log0.45/0.40
≈ 15.6 + (−4.1 + 3.4) − 0.13 = 14.77. (A10)
From Figure 48,
(m − M)V,V496 Sct = 13.6
= (m − M)V,FH Ser +∆V
= 11.7 + (+1.9 − 0.0) = 13.6
= (m − M)V,NQ Vul +∆V
= 13.6 + (+0.0 − 0.0) = 13.6
= (m − M)V,V2274 Cyg +∆V
= 18.7 + (−5.1 − 0.0) = 13.6. (A11)
From Figure 49,
(m − M)V,V1370 Aql = 15.2
= (m − M)V,V1668 Cyg +∆V − 2.5log0.50/1.0
≈ 14.25 + 0.2 + 0.75 = 15.2
= (m − M)V,OS And +∆V − 2.5log0.63/1.0
≈ 14.7 + 0.0 + 0.50 = 15.2. (A12)
From Figure 50,
(m − M)V,GQ Mus = 15.7
= (m − M)V,V1974 Cyg +∆V − 2.5log1.0/0.26
= 12.2 + (−0.0 + 5.0) − 1.46 = 15.74
= (m − M)V,PW Vul +∆V − 2.5log0.42/0.26
= 13.0 + (−1.8 + 5.0) − 0.52 = 15.68
= (m − M)V,QU Vul +∆V − 2.5log0.42/0.26
= 13.5 + (−2.3 + 5.0) − 0.52 = 15.68. (A13)
In Figure 50, we plotted UV 1455Å fluxes for PW Vul (blue open circles with plus sign), GQ Mus (magenta filled circles),
V1974 Cyg (red filled squares), and QU Vul (green open circles). In this figure we adopted MWD = 0.65 M⊙ for GQ Mus as a best-
fit model for our assumed chemical composition of X = 0.35, Y = 0.33, Z = 0.02, and XCNO = 0.30 (blue solid lines). The distance-
reddening relation (magenta solid line in Figure 35(c)) of UV 1455Å flux fitting is calculated from Equation (10) for GQ Mus.
We adopted Fobs
λ
= 5.0× 10−13 erg s−1 cm−2 Å−1, which is the observed flux at λ = 1455Å corresponding to the upper bound of
Figure 50(a), and Fmod
λ
= 8.5× 10−12 erg s−1 cm−2 Å−1, which is the model flux of the 0.65 M⊙ WD corresponding to the upper
bound of Figure 50(a). We also adopted MWD = 0.95 M⊙ for QU Vul as a best-fit model for our assumed chemical composition of
X = 0.65, Y = 0.27, Z = 0.02, XCNO = 0.03, and XNe = 0.03. The distance-reddening relation (magenta solid line in Figure 36(a))
of UV 1455Å flux fitting is calculated from Equation (10) for QU Vul. We adopted Fobs
λ
= 3.0× 10−12 erg s−1 cm−2 Å−1, which
is the observed flux at λ = 1455Å corresponding to the upper bound of Figure 50(a), and Fmod
λ
= 1.1× 10−11 erg s−1 cm−2 Å−1,
which is the model flux of the 0.95 M⊙ WD corresponding to the upper bound of Figure 50(a).
From Figure 51,
(m − M)V,QV Vul = 14.0
= (m − M)V,FH Ser +∆V
= 11.7 + (−0.0 + 2.3) = 14.0
= (m − M)V,V705 Cas +∆V
= 13.4 + (−1.7 + 2.3) = 14.0
= (m − M)V,V2615 Oph +∆V
= 16.5 + (−4.8 + 2.3) = 14.0. (A14)
From Figure 52,
(m − M)V,V443 Sct = 15.5
= (m − M)V,PW Vul +∆V − 2.5log1.0
= 13.0 + 2.5 + 0.0 = 15.5
= (m − M)V,V458 Vul +∆V − 2.5log2.0
≈ 15.5 + 0.7 − 0.75 = 15.45. (A15)
The obtained values of (m − M)V are summarized in Table 2.
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FIG. 41.— (a) V band and UV 1455Å narrow band light curves, (b) (B −V )0, and (c) (U − B)0 color curves for PW Vul (magenta open circles with plus sign),
V1500 Cyg (red open diamonds), V1668 Cyg (black filled squares), and V1974 Cyg (green open and filled triangles). Those of V533 Her are also shown for
comparison. Blue filled circles are taken from van Genderen (1963), blue open circles are from Chincarini (1964), and blue star symbols are from Shen et al.
(1964). To make them overlap in the early decline phase, we stretched the light curves of PW Vul, V1668 Cyg, V1974 Cyg, and V533 Her by 0.21, 0.44, 0.50,
and 0.54, and shifted their magnitudes by −2.4, −2.9, −0.6, and +0.8 mag, respectively, as indicated in the figure. UV 1455Å fluxes of each nova are also rescaled
as indicated in the figure.
UBV Color Evolution of Classical Novae 43
FIG. 42.— Same as Figure 41, but for V446 Her, V1500 Cyg, V1668 Cyg, RS Oph, and V382 Vel. Time-stretching factors and vertical shifts of these novae
are shown in the figure. We arranged the origin of the time of RS Oph according to that of V1668 Cyg. The UV 1455Å fluxes of V1668 Cyg, V1974 Cyg, and
RS Oph are added. Model light curve is also added for RS Oph (1.37 M⊙ WD, purple solid lines). See text for more details.
44 Hachisu & Kato
FIG. 43.— Same as Figure 41, but for DQ Her, NQ Vul, V475 Sct, and T Pyx. For T Pyx, we take the start of the day about 20 days after the outburst.
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FIG. 44.— Same as Figure 41, but for LV Vul (blue filled star symbols and dots), IV Cep (green filled triangles and dots), V1494 Aql (red filled circles),
V5114 Sgr (black filled squares), and V1500 Cyg (red open diamonds). The visual data (small dots) of each nova are taken from the AAVSO archive. To make
them overlap in the early decline phase, we stretched the light curves of LV Vul, IV Cep, V1494 Aql, and V5114 Sgr by 0.45, 0.40, 1.0, and 0.56, and shifted
their magnitudes up by 0.5, 3.4, 0.8, and 4.8 mag, respectively, against V1500 Cyg, as indicated in the figure.
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FIG. 45.— Same as Figure 41, but for V496 Sct (green star symbols and dots), V1065 Cen (magenta filled squares and dots), V1419 Aql (blue filled circles
and dots), and V1668 Cyg (red open diamonds and dots). The time of V1668 Cyg, V1419 Aql, V1065 Cen, and V496 Sct are stretched by a factor of 1.26, 0.79,
1.0, and 0.50, respectively. We shifted the visual and V light curves of V1668 Cyg, V1419 Aql, V1065 Cen, and V496 Sct, down by 1.5, 0.6, 0.0, and 1.1 mag,
respectively. These four V light curves almost overlap in the early decline phase.
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FIG. 46.— Same as Figure 41, but for V2491 Cyg, V1500 Cyg, V1668 Cyg, IV Cep, and V2468 Cyg. The start of the outburst is indicated by an arrow for
IV Cep and V2491 Cyg.
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FIG. 47.— Same as Figure 41, but for V2467 Cyg, V1668 Cyg, IV Cep, and V2468 Cyg.
UBV Color Evolution of Classical Novae 49
FIG. 48.— Same as Figures 43, but for V496 Sct (green symbols), V2274 Cyg (magenta symbols), NQ Vul (red symbols, including the data from all the
authors in Figure 43), and FH Ser (blue symbols, including the data from all the authors in Figure 43). The data for V2274 Cyg are taken from Voloshina et al.
(2002a), Voloshina & Metlova (2002b), and IAU Circular Nos. 7666 and 7668 (open circles with a plus sign inside), and the AAVSO archive (small dots).
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FIG. 49.— Same as Figure 41, but for V1370 Aql, V1668 Cyg, and OS And. The V light curves of V1668 Cyg and OS And are squeezed by factors of 0.50
and 0.63 and shifted down by 0.2 and 0.0 mag, respectively, against that of V1370 Aql. The UV 1455Å data for OS And and V1668 Cyg are also plotted. The
flux scale is linear between 0.0 and 1.0× 10−11 erg s−1 cm−11 Å−1 for V1668 Cyg (from the bottom to the top of the frame) but scaled down by 2.2 times for
OS And to match them with those of V1668 Cyg.
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